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Abstract
The MRD20 syndrome is caused by an haploinsuﬃciency of the MEF2C gene. This disease
causes patients to display mental retardation, absence of speech, limited walking abilities,
and is considered one of the main causes of intellectual disability.
MEF2C belongs to the MEF2 family of transcription factors, which is crucial for cell
development and diﬀerentiation, but unlike other MEF2 proteins, MEF2C is restricted to
muscle, brain and spleen.
Zebraﬁsh possesses two copies of the mef2c gene: mef2ca and mef2cb, and in this study
we used one mutant line for each of the gene.
The main concern in this work was to analyse whether zebraﬁsh is able to model mef2c
haploinsuﬃciency using the zebraﬁsh mutants.
First, we analysed the syntenic arrangement of the genes surrounding mef2c and con-
cluded that the pattern of neighbouring genes is conserved among diﬀerent species.
Following a previous work we investigated the putative binding of Mef2c to mecp2 pro-
moter. However, no eﬀects were detected in the mecp2 promoter by Mef2ca and Mef2cb,
alone or together, suggesting that there may lacking co-factors for this binding to occur.
In order to understand if mef2c mutations cause impairment in locomotion or memory,
we performed locomotor and learning experiments in zebraﬁsh mutants. The results showed
a decrease in coiling activity, an increase in covered distance and activity percentage from
mutants to the WT larvae. In the memory tests we found some diﬀerences between mutants
and the WT ﬁsh.
We further explored the expression of putative Mef2c target genes in Mef2c mutant
zebraﬁsh using quantitative polymerase chain reaction. Our results suggested that emx1
was highly expressed in mef2cb heterozygous mutants, suggesting an impairment of the
telencephalon.
These observations suggest that zebraﬁsh Mef2c mutant ﬁsh, serve as good animal models
to study the mef2c haploinsuﬃciency.
Keywords: Zebraﬁsh, Behavior, mef2ca, mef2cb, Brain development, Expression anal-
ysis, MRD20
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Resumo
O gene Mef2c é um dos genes da família de fatores de transcrição MEF2. Esta família é
considerada um antigo mediador da transcrição e da diferenciação celular. Os fatores de
transcrição MEF2 são caracterizados por uma MADS-box na sua extremidade N-terminal e
um domínio MEF2 adjacente. Em conjunto estes domínios ligam-se a uma sequência especí-
ﬁca de DNA, CTA(A/T)4TAG/A, medeiam a dimerização com outras proteínas homólogas
e interagem com co-fatores. A sua região C-terminal contém um domínio HJURP-C, dois
domínios de transactivação e um domínio de localização nuclear, e é sujeita a um splicing al-
ternativo complexo. A família MEF2 controla a diferenciação celular, a proliferação celular,
a morfogénese celular e tanto a sobrevivência como a apoptose celular. Contrariamente às
restantes proteínas MEF2, o MEF2C é restrito ao músculo, cérebro e baço. O gene MEF2C
sofre diversos splicings alternativos, de modo a combinar, de diferentes formas, os exões α1,
α2, β e γ e assim dar origem a variantes transcricionais que serão expressas em locais difer-
entes: os exões α1 e γ são expressos em todos os tecidos, o exão α2 é expresso no músculo
e o exão β é expresso exclusivamente no cérebro.
Durante o curso da evolução, a classe teleostei passou por um fenómeno de duplicação
do genoma. Isto faz com que o peixe-zebra (que pertence a essa classe) possua duas cópias
de diversos genes. Um desses genes é o mef2c. O peixe-zebra possui duas cópias do gene
mef2c: mef2ca e mef2cb, que estão localizados nos cromossomas 10 e 5, respetivamente.
Ambos, têm a mesma organização geral que o gene humano. Para o gene mef2ca existem
três linhas mutantes, mas apenas uma foi utilizada neste trabalho (mef2cab1086). No caso
do gene mef2cb apenas existe uma linha mutante: mef2cbfh288, sendo a utilizada no decurso
deste trabalho.
Os modelos animais para desordens neuronais são uma ferramenta essencial para a dis-
seção dos mecanismos que estão por detrás destas doenças. O peixe-zebra tornou-se o modelo
animal preferido de geneticistas e neurobiólogos devido à existência de uma arquitetura neu-
ral altamente conservada que facilita comparações com outras espécies de vertebrados. Estes
possuem áreas deﬁnidas similares tal como o hipotálamo e o bolbo olfatório, que é homólogo
ao hipocampo.
O MEF2C, sendo uma proteína altamente expressa no cérebro, quando malformada, está
associada a diversas patologias cerebrais, como é o caso da doença de Alzheimer, a doença
de Parkinson, a Esclerose Lateral Amiotróﬁca e a síndrome MRD20. A síndrome MRD20
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provém de uma haploinsuﬁciência do gene mef2c, e é caracterizada por atraso mental severo,
ausência da fala, capacidades de marcha limitada, epilepsia, hipotonia muscular, diversas
anomalias cerebrais, entre outros sintomas, e é considerada uma das principais causas de
incapacidade intelectual. Existem também uma série de malformações tanto faciais, como
é o caso de boca e queixo pequenos e orelhas grandes, como de outros tecidos, tais como o
rim, o coração e os ossos.
O principal objetivo deste trabalho foi inferir a capacidade para usar o peixe-zebra para
modelar a patologia da haploinsuﬁciência do gene mef2c. Posto isto, de modo a investigar o
papel dos genes mef2ca e mef2cb no desenvolvimento do cérebro, foram realizados diversos
testes experimentais nas áreas da criohistologia, onde se seccionaram cérebros de peixe-zebra
a frio; da análise de expressão genética, onde se avaliou o impacto das mutações (mef2cab1086
e mef2cbfh288) na expressão de diversos genes associados ao desenvolvimento do cérebro; e
da biologia comportamental, onde se avaliou tanto a capacidade motora de larvas de peixe-
zebra, como a capacidade intelectual (memória e aprendizagem) de peixes adultos. Foram
também realizadas análises in silico e in vitro para avaliar se os factores de transcrição
Mef2ca e Mef2cb regulam a transcrição do gene mecp2, cuja expressão está dimuida nos
peixes mutantes mef2cab1086 e mef2cbfh288. O gene mecp2 está envolvido no desenvolvimento
do cérebro e em pacientes com haploinsuﬁciência de MEF2C a sua expressão está diminuida.
Através de uma análise de sintenia, veriﬁcou-se que o gene mef2cb é que se encontra
evolutivamente mais próximo do gene grp de tetrápodes. Isto deve-se ao facto da maioria
dos genes que fazem fronteira com o genemef2cb em peixe-zebra, se encontrarem conservados
noutras espécies. Estes resultados, juntamente com outros anteriormente obtidos no grupo
BIOSKEL, indicam uma conservação de características do gene MEF2C de humano para
peixe zebra.
Trabalhos anteriores indicam uma possível ligação entre os factores de transcrição Mef2c
e o gene mecp2. No entanto, nenhum efeito foi detetado no promotor do gene mecp2, nem
pelo Mef2ca nem pelo Mef2cb, sozinhos ou em conjunto, o que pode signiﬁcar que nesta via
está em falta a acção de co-factores. Este resultado deixa, assim, a relação entre o mecp2 e
o Mef2c ainda por comprovar.
Visto que os efeitos neurológicos da haploinsuﬁciência do gene mef2c são tão proemi-
nentes, nós hipotetizamos que poderiam existir alterações no cérebro ao nível da sua es-
trutura e volume. Posto isto, fomos procurar essas alterações através da caracterização de
cérebros de peixes mutados.
Relativamente aos testes comportamentais, observaram-se diferenças entre peixes mu-
tantes, para ambas as mutações, e peixes WT, tanto ao nível da memória como ao nível
da aprendizagem. Na primeira experiência, foram os mutantes heterozigóticos para o gene
mef2cb que mostraram mais diﬁculdades de memória. Surpreendentemente, na segunda
experiência, foram os peixes WT que tiveram mais diﬁculdades em reter o que tinham
aprendido. Apesar destes resultados, não é possível extrair conclusões diretas porque não foi
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possível apontar a signiﬁcância dessas diferenças. Os peixes mef2cab1086/+ e mef2cbfh288/+
mostraram ainda um comportamento inquantiﬁcável que seria interessante investigar futu-
ramente.
Estudos anteriores realizados no laboratório, tinham sugerido através da análise de ex-
pressão de genes nas linhas mutantes, que ambos os ortólogos, Mef2ca e Mef2cb, poderão
estar envolvidos no desenvolvimento cerebral, uma vez que a perda de função de ambos leva
a uma variação de expressão signiﬁcativa nos genes cdkl5 e mecp2, dois genes envolvidos no
desenvolvimento cerebral em humanos e cuja sob-expressão foi observada anteriormente em
pacientes com haploinsuﬁciência de MEF2C. Neste trabalho, analisámos a expressão relativa
de seis genes descritos como sendo expressos no cérebro, e veriﬁcámos que o gene emx1 é
altamente expresso nos mutantes homozigóticos para o gene mef2cb, sugerindo uma possível
deﬁciência no telencéfalo. Em humanos, a proteína EMX1 está envolvida na especiﬁcação
de células no desenvolvimento do sistema nervoso central e também participa no desenvolvi-
mento de neurónios olfativos.
De forma a complementar os resultados obtidos nas análises com estes peixes mutantes a
nível craniofacial, no decorrer do nosso trabalho elaborámos uma série de testes para avaliar
o desenvolvimento cerebral dos peixes mutantes. Os testes locomotores efetuados mostraram
um decréscimo na actividade de contração em todas as larvas mutantes com 1 dia após a
fertilização, mas nenhuma alteração na frequência de contrações duplas. Estes movimentos
de contração acontecem em embriões de diversos peixes e crê-se que sejam a causa da eclosão
dos ovos. Para além disto, alterações no padrão de contração dos embriões pode levar a falhas
na formação da rede neural.
Aos 6 dias após a fertilização existe um aumento tanto na distância total coberta pelas
larvas como na percentagem de tempo em atividade, em relação a larvas WT. Para além
disto, também foi possível agrupar as tendências das métricas utilizadas, de modo a fazer
surgir um padrão de associação de comportamentos com interesse para investigar no futuro.
Concluindo, podemos dizer que o peixe-zebra é, de facto, um bom candidato para modelar
a haploinsuﬁciência do gene mef2c. No entanto, serão necessários mais estudos de forma a
inferir, com certeza, a sua utilidade.
Palavras-chave: Peixe-zebra, Comportamento, mef2ca, mef2cb, Desenvolvimento cere-
bral, Análise de expressão
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Chapter 1
General Introduction
1.1 MEF2C family
The MEF2 (myocyte enhancer factor 2) family of transcription factors (TFs) belongs to the
evolutionary ancient MADS (MCM1, Agamous, Deﬁciens, Serum response factor)-box super
family. These TFs are known to have an homeotic function and regulate the development and
diﬀerentiation of a wide range of organisms, from yeast and plants to ﬁsh and humans (Figure
1.1), so its safe to say that "MEF2 is an ancient mediator of signal-dependent transcription
and cell diﬀerentiation" [1]. This type of proteins bind DNA and activate gene expression
through associations with cofactors [2]. MEF2 expression and activity is controlled either
upstream by signaling systems or downstream by eﬀector genes [1]. Regulation of MEF2
proteins function is intricate and occurs at many levels. Its abundance is controlled at tran-
scriptional, translational, and degradation steps. The transactivation function is regulated
in various ways, including through: protein-protein interactions with other transcription fac-
tors and transcriptional co-regulators; phosphorylation by mitogen-activated protein kinases
(MAPK) and cyclin-dependent kinase 5 (CDK5) [3].
The family of MEF2 transcription factors are characterized by a highly conserved MADS-
box in its N-terminal extremity with 56 amino acids and an adjacent MEF2 domain motif
with 29 conserved amino acids [4]. Together, they mediate dimerization with other homol-
ogous MEF2 proteins, DNA binding to the consensus DNA sequence CTA(A/T)4TAG/A
(as homo- or heterodimers with 'basic helix-loop-helix' motif proteins), and co-factor inter-
actions. Another MEF2 characteristic is a C-terminal region that is subjected to complex
alternative splicing and contains an HJURP-C (holliday junction recognition protein C-
terminal) domain, consisting of 29 amino acids [5], which is followed by two transcriptional
activation domains (TAD1 and TAD2), that are responsible for promoting signal transduc-
tion and/or regulate target gene transcription that diverges through family members. This
adds additional complexity to this family. And ﬁnaly, the NLS domain (nuclear localiza-
tion signal) is located at the C-terminus of MEF2, which controls nuclear translocation of
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Figure 1.1: Sequence conservation of MEF2 proteins. Values indicate percentage identity of MADS, MEF2
and transactivation domain of the MEF2 proteins from S. cerevisae, D. melanogaster, C. elegans and human
relative to the human MEF2A. Adapted from Potthoﬀ and Olson, 2007 [1].
the protein [1, 5, 6, 7, 8]. MEF2 proteins are involved and are crucial for cell development
and diﬀerentiation in diﬀerent kinds of tissues by activating structural genes (they control
cell diﬀerentiation, proliferation, morphogenesis, survival and apoptosis), thus, MEF2 tar-
get genes include those encoding structural proteins, transporters and metabolic enzymes of
muscle, and eﬀectors of stress signaling [3, 9]; and cell's fate relies on a balance between the
transcription activating functions of MEF2 and the repressive functions of HDACS (histone
deacetylases) [1]. MEF2 proteins also appear to aﬀect certain neuroendocrine and metabolic
processes [4].
Although Saccharomyces cerevisiae, Drosophila melanogaster and Caenorhabditis elegans
possess a single Mef2 gene, in the vertebrate group, MEF2 family comprises four isoforms:
MEF2A, MEF2B, MEF2C and MEF2D located in diﬀerent chromosomes, and all, except
MEF2B, are expressed in the mouse brain [6, 9]. Of the four MEF2 members, all can
be tissue-speciﬁc alternatively spliced, producing multiple isoforms which have signiﬁcant
functional diﬀerences. The transcriptional activity of the isoforms depends on both the re-
cruitment of various other transcription factors and their cooperation, and on translational
and posttranslational modiﬁcations [5, 6]. This four MEF2 genes show a distinct but over-
lapping temporal and spatial expression patterns in both embryonic and adult tissues [1, 6],
however MEF2C is unique and restricted to muscle, brain and spleen, unlike the other MEF2
factors whose transcripts are widely expressed [4].
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1.2 MEF2C gene and protein
The human MEF2C gene is located in chromosome 5q14.3 and encodes for MEF2C protein
that was originally identiﬁed in human fetal brain [10]. MEF2C general structure (Figure
1.2) is similar in all MEF2 genes and shows a 5′UTR region composed of three non-coding
exons followed by 11 coding exons, including exon 1 that encodes part of the MADS box, exon
2 that encodes the carboxy terminus of the MADS domain and also the MEF2 domain. The
mutually exclusive exons 3α1 and 3α2 are located in the region immediately adjacent to the
MEF2 domain and the skipping/inclusion exon β located in the middle of the transcriptional
activation domain II, between exons 6 and 7. MEF2C also has an alternative cryptic splice
acceptor within exon 9 at the 3′ UTR region designated exon γ [11, 10, 3].
(a)
(b)
Figure 1.2: Structure of MEF2C gene and protein. (a) Structural scheme of human MEF2C. Solid boxes
indicate coding regions, white boxes indicate untranslated sequences. Exons are in scale, introns are rep-
resented by solid lines and are not in scale. (b) General scheme of MEF2C protein organization. Diﬀerent
domains are highlighted in diﬀerent colours. N-terminal contains the conserved MADS box (red) and MEF2
(orange) domains, which have the function to bind target genes DNA and perform dimerization. The C-
terminal part contains four regions, α1 (pink), α2 (green), β (blue) and γ (beige) which corresponding exons
are subject to splicing events originating diﬀerent isoforms in diﬀerent tissues.
In mammals, each vertebrate MEF2 gene gives rise to multiple isoforms through alterna-
tive splicing patterns that are conserved among this group. These splicing patterns include
use of bona ﬁde alternative exons, a splice versus no-splice option, and use of alternative
splice acceptors within one exon [3]. So, the MEF2C gene undergoes alternative mRNA
splicing at several diﬀerent sites [4]: the alternatively spliced transcripts including exon α2
are expressed in muscle-speciﬁc manner and the transcripts including exon β (8 amino acid
coding sequence) are speciﬁcally expressed in brain, whereas transcripts including α1 and γ
exons (whose alternative splicing is unique to MEF2C ) are ubiquitously expressed in other
tissues [3, 10, 11, 12] (Figure 1.3).
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Figure 1.3: Tissue expression of the diﬀerent MEF2C isoforms. Region α1 is widely expressed, α2 is
expressed in muscle cells, β is expressed in brain cells and γ is widely expressed.
1.3 The zebraﬁsh Mef2c
Danio rerio, commonly known as zebraﬁsh, is a tropical freshwater ﬁsh also seen as an
aquarium ﬁsh, that was ﬁrst identiﬁed as a manageable organism in the 80's. Investigations
with such animals greatly contributed to science's understanding of basic vertebrate biology
and development, namely the comprehension of the factors controlling the speciﬁcation of
cell types and organ systems [13].
Zebraﬁsh genes show a high degree of similarity with human genes, which a priori makes
it a good animal model. In the laboratory, it is an organism cheap and easy to maintain [14].
Advantages in using this model start, as early as, its short cycle of reproductive period and
early developmental stages transparency, which give investigators the power to implement
their work with minimal eﬀort. Furthermore, this species is very forthcoming when it comes
to genetic manipulation [14]. Although zebraﬁsh lack the sex determining cascade, being the
gender determined by a combination of genetic and environmental factors, there is a close
degree of similarity between human and zebraﬁsh's reproductive regulation [14]. Despite the
diﬀerences between ﬁsh and humans, all these reasons make zebraﬁsh a widely used model in
science, in areas such as evolution, genetic, neurobiology, fertility and development biology
[14]. A direct comparison of the zebraﬁsh and human genes showed that around 70% of
human genes have at least one zebraﬁsh orthologue [13].
Zebraﬁsh are members of the teleostei class whose ancestor underwent what it is called
the teleost-speciﬁc genome duplication (TSD) [13]. Due to this TSD, they possess two copies
of the mef2c gene: mef2ca and mef2cb [12]. These genes are located in the chromosome 10
and 5, respectively. Both genes have the same general organization as the human gene,
containing a 5'UTR region with three non-coding exons in mef2ca gene and one non-coding
exon in mef2cb. mef2cb gene has four coding exons (α1, α2, β e γ) subjected to complex
alternative splicing, whereas mef2ca has only three, lacking α2, and having a γ-like exon.
Also, mef2ca has a longer 3'UTR region then mef2cb [12], as shown in ﬁgure 1.4.
There are three mef2ca mutant lines described for zebraﬁsh [15], despite only the mutant
mef2cab1086 was used throughout this work. These mutants show an A to T transversion
at nucleotide 172 that introduces an early stop codon (instead of a lysine) upstream of the
MEF2 domain [15]. In contrast, for mef2cb gene, there is only the mef2cbfh288 mutant line
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Figure 1.4: Schematics of zebraﬁsh mef2ca and mef2cb genes. Exons are numbered and indicated by
boxes. Green boxes indicate the mef2ca and mef2cb coding exons and orange boxes represent the 5'- and
3'-untranslated regions, whilst introns are indicated by solid black line. Also indicated are the translational
start codons (ATG) and the stop codons (TGA) of the two genes. Adapted from Ganassi et al. 2014 [12].
described, where an A to T point mutation leads to a change from an arginine to a premature
stop codon at residue 24 in the MADS domain [16] (ﬁgure 1.5).
Figure 1.5: Zebraﬁsh's mef2ca and mef2cb mutations. a) mRNA scheme showing A to T alterations for
both mutations: mef2cab1086 and mef2cbfh288. Each box represents an exon. Dark grey and light grey boxes
represents MADS and MEF domains, respectively. b) Representation of normal MEF2 protein. Each box
represents a domain. Dark grey and light grey boxes represents MADS and MEF domains, respectively. c)
mef2cab1086 mutation. There is an A to T alteration which leads to change from a lysine to stop codon.
The mutation shortens the protein to the end of the MADS box domain. d) mef2cbfh288 mutation. There
is an A to T alteration which leads to a change from an arginine to stop codon. The mutation shortens the
protein to the beginning of the MADS box domain.
1.4 Zebraﬁsh as a model for brain disease
According to Norton (2013), a perfect animal model should have three main attributes:
"construct validity (meaning that it conforms to the underlying rationale of the disease),
face validity (mimicking some of the characteristics of the disease), and predictive validity
(the ability to accurately predict outcomes or symptoms in humans)" [17].
Animal models of brain disorders are an indispensable tool for dissecting the pathogenic
mechanisms of brain disorders, and the zebraﬁsh has become a favourite model organism
of geneticists and neurobiologists. Both because, given that they are ﬁsh, they are close to
birds and to mammals, and because genetic eﬀects on brain and sense organ development
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are so well understood in this species [18, 19, 20, 21]. On the other hand, an impressive array
of experimental tools has already been developed for this species, which includes molecular
genetic, pharmacological, behavioral and neurobiological techniques [19, 22]. Zebraﬁsh has
emerged as a model organism as it has a highly conserved neural architecture that facilitates
comparisons to other, more commonly used species. Furthermore, larvae display learning,
sleep, drug addiction, and other neurobehavioral phenotypes that are quantiﬁable and relate
to those seen in man [23].
The utility of both adult and larval zebraﬁsh in neuroscience has grown markedly in the
last decades as it is a vertebrate species with high physiological and genetic homology to
humans - 69% of zebraﬁsh genes have human orthologs, 80% of them fall in conserved synteny,
and they have almost the same number of chromosomes (25) as humans, meaning that it is
frequently possible to study human disease-related genes in ﬁsh [19, 20, 24, 25]. Another fact
is that the evolutionary conservation between ﬁsh and mammals has been found at multiple
other levels of biological organization, including brain function and behavior [24]. Given
that, this model ultimately, will facilitate the understanding of the mechanisms of human
disorders, including disorders of the central nervous system [18, 24].
There are many advantages (namely logistical and economic) of zebraﬁsh over other
vertebrate models (Table 1.1). One is their high speed of development, since within 72
hours post-fertilization (hpf), embryogenesis is almost complete and most organs are fully
developed and functional. Another advantage is that, because of external fertilization, their
minimal parental care reduces any epigenetic parental inﬂuence [19, 25]. An important
advantage is that, given their low mass, the amount of drugs required for tests is very
small compared with other vertebrate models, a requirement that is especially important in
the case of expensive or novel drugs. Also, the organization of the zebraﬁsh genome and
the genetic pathways controlling signal transduction and development are highly conserved
between zebraﬁsh and man [19, 25].
Table 1.1: Comparison of diﬀerent features among vertebrate models. Adapted from Mushtaq et al. 2013
[25].
Other advantages include the natural spawning of breeding pairs of adult zebraﬁsh, the
hatching happening in 2-3 days post-fertilization (dpf) and the development of complex
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behavior within the ﬁrst week of life [19, 26]. As a vertebrate model, it is quite small
compared with other vertebrate models used for research purposes, such as mice or rats.
The adult ﬁsh can grow up to 3 cm or more in length and because of its small size and social
nature it is very easy to maintain and manage within a small space [24]. During the early
stages of the embryonic larval life, zebraﬁsh are only a few millimeters long and they can
survive 6 to 7 dpf solely on the nutrients stored in the yolk sac. Owing to their small larval
size, they can be managed in standard 96-well plates with a minimum media requirement
(100 to 250 µl) [23]. The relative ease of maintaining larvae stocks and its high fecundity
can provide the investigator with large numbers of larvae to analyze [25].
Zebraﬁsh's brain morphology is strikingly similar to mammalian (rodent) models, in-
cluding both general macro-organization of the brain, and cellular morphology (see more
details in zebraﬁsh online atlas www.zebraﬁshbrain.org) [20]. Although, in a comparison of
the zebraﬁsh's brain with the man's brain, there are some diﬀerences regarding formation,
structure, position and function of neurotransmitter signaling pathways, the overall organi-
sation of the zebraﬁsh brain is similar to other vertebrates. They have similar deﬁned areas
such the hypothalamus and olfactory bulb, encompassing structures of the lateral pallium,
which appear to be homologous to the mammalian hippocampus [17, 23].
In addition, the main neurotransmitter systems, such as the cholinergic, dopaminergic,
and noradrenergic pathways are present and have been mapped throughout the brain [23].
Therefore, zebraﬁsh have been proposed as a model of Huntington's disease, Alzheimer's
disease, Parkinson's disease, Schizophrenia, drug abuse, and other brain disorders, allowing
the transfer of information gained in zebraﬁsh to other species [19, 23]. Zebraﬁsh has also
demonstrated being particularly useful for optogenetic dissection of the behavior, time-lapse
analysis of neurotransmitter pathway formation during development and screening for novel
therapeutic treatments [17].
Furthermore, such analysis can serve as a functional complement to the Human Genome
Project, which is producing enormous amounts of sequencing information but lacks functional
information for many of the identiﬁed genes. Zebraﬁsh can thus provide a forward genetic
approach for assigning function to genes, and positioning them in developmental and/or
disease-related pathways [27]. Although recent studies have uncovered many genes linked
to psychiatric disorders, only few of them have been experimentally validated. Therefore,
mechanistic studies are required in order to investigate whether a loss or gain of function
contributes to disease pathology in each case. The complex genetic basis of psychiatric
disorders makes it diﬃcult to fully recreate them in animal models [17].
The knowledge gained from neurological studies and behavior analysis is not only rele-
vant, but also eﬃcient and reliable to human brain functioning [20, 24]. Zebraﬁsh's brain
neurochemistry is highly conserved across vertebrate species, as it possess all major neurome-
diator systems, including neurotransmitter receptors, transporters, and enzymes of synthesis
and metabolism, similar to those observed in humans and rodents [20].
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Table 1.2: Neurophenotypic domains and related disorders modeled in zebraﬁsh. Adapted from Kalueﬀ et
al. 2014 [20].
The close parallels between mammalian and zebraﬁsh behavioral paradigms (Table 1.2)
suggest the evolutionarily conserved nature of many behaviors (and deﬁcits of their control)
across species. Numerous behavioral tests, such as open ﬁeld tank, light-dark tank, tank
diving test, shoaling test, social preference test, predator avoidance test and t-maze test
illustrate how various common neurobehavioral disorders can be modeled or studied in ze-
braﬁsh [20]. In addition to genetic models, other factors, such as chronic stressors, commonly
trigger aﬀective pathogenesis in both clinical and animal studies [20].
For example, the chronic unpredictable stress (CUS) paradigm is a widely used model
of experimental stress, which rodents are subjected to a battery of chronic stressors, such
as restraint, crowding, isolation, novelty, temperature change, light, noise and/or predator
exposure [17, 26]. Recent studies have successfully applied CUS in zebraﬁsh, which aﬀects
shoaling (a propensity to form tight groups), exploration and anxiety behaviors, as well as
alters brain proteome proﬁles and neurogenesis [20]. They also show chronic stress-induced
memory deﬁcits and elevated cortisol levels, paralleling depression-like states in humans
and rodents [20]. Complementing genetic and experimental manipulations, pharmacological
models are also widely used in brain research [20].
Shoaling, which is a robust and often observed behavioral feature of zebraﬁsh, may be
induced and quantiﬁed in a variety of ways in the laboratory [20]. Such studies are notewor-
thy because they will oﬀer potential tools in which human brain disorders associated with
abnormal social behavior may be examined. Similarly, several neuropsychiatric conditions,
such as depression and anxiety disorders, also include impaired or abnormal social behaviors
[20]. Thus, a laboratory species which oﬀers vertebrate system biology with easy to induce
and measure social behavior may have important translational relevance. Mounting evidence
suggests that various aspects of almost every brain disorder that can be modeled in rodents
could also be modeled in zebraﬁsh, perhaps in a cheaper and more powerful manner [20].
Interestingly, the learning capacities of ﬁshes have interested scientists since the dawn
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of comparative psychology, although in recent years fewer than 3% of learning experiments
have been conducted on ﬁsh. Despite rapid proliferation of research on zebraﬁsh learning
and behavior, the vast majority of learning experiments still employ conventional rodent and
pigeon models [26].
Fish behavior has been successfully compared to that of the mammalian counterparts in
tests of choice and reversal learning, response timing, partial reinforcement and extinction,
and a variety of other familiar eﬀects. The results of these tests indicate that learning in ﬁsh
may be quite diﬀerent from that of mammalian models, including the absence of contrast and
partial reinforcement eﬀects, limited improvement with reversal learning, and proportional
response matching, leaving a note of caution when translating results from ﬁsh experiments
to mammals. Several zebraﬁsh behaviors, such as shoaling, diving, and white avoidance,
have proven to be quite robust, amenable to automation, and eﬃcient for high-throughput
analysis [26].
An ideal repertoire of learning techniques for any model organism includes the following
characteristics: First, the procedures must be suited for use with a range of stimuli (con-
ditioned or discriminative stimuli) in multiple sensory modalities. This allows researchers
to test for simple sensory deﬁcits, by comparing learning one stimuli to learning about an-
other stimuli. Second, a range of motivators (unconditioned stimuli or reinforcers) must
also be available, to prevent poor results from deﬁcit in motivation. Third, a range of mo-
tor responses, both active and passive, must be available, so locomotor eﬀects or deﬁcits
in coordination can be dissociated from sensory, cognitive, or motivational eﬀects. Fourth,
the behavioral response must be amenable to highly objective (i.e. automated or comput-
erized) measurement, which minimizes the likelihood of experimenter bias. Fifth, measures
of behavior in both acquisition and testing are desirable. Measures taken during acquisition
are necessary to distinguish between eﬀects on learning rate and asymptotic performance
levels, and/or diﬀerences between learning and memory. Finally, in order to accommodate
large-scale screening, the tests must be eﬃcient, regarding both time required for testing
each animal and number of animals required, to obtain statistically reliable results (Table
1.3) [26].
1.5 MEF2C and brain development
Mammalian cerebral cortex has a laminar structure and neurons in diﬀerent layers maintain
diﬀerent functions and specialized morphologies. It is thought that the development and
maintenance of this laminar pattern is regulated by transcription factors [4]. Among them
is MEF2C, which is found in a laminar distribution and is associated with the ﬁnal stages of
neuron diﬀerentiation [4, 28]. By analyzing diﬀerent regions of the human fetal brain, Leifer
et al. found high levels of MEF2C in the cerebral cortex, as opposed to minimal levels in
other brain regions. This regional, laminar and developmental speciﬁcity indicates that this
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Table 1.3: Experimental techniques overview. Description of several techniques with the stimuli and
behavior associated to them. Adapted from Blaser and Vira 2014 [26].
transcription factor may not only accompany but even manage neuronal diﬀerentiation and
maturation [28].
In mice, Mef2 gene expression in the central nervous system (CNS) occurs in neurons
exiting the cell cycle and entering diﬀerentiation. As the CNS develops, there are patterns of
expression of the four Mef2 genes in speciﬁc regions of the mouse brain that follow gradients
of neuronal maturation [7]. Mef2c transcripts were detected in neural crest cells (neural crest
cells arise from the dorsal portion of the neural tube and migrate to a number of locations
to form a variety of cell types including neurons of dorsal root ganglia and sympathetic).
These mRNAs were ﬁrst detected in early development within two clusters of cells near the
intermediate zone of the preoptic area of the telencephalon (one of the ﬁrst regions in which
the neurons start to diﬀerentiate) [7, 16]. Later, the transcripts were expressed in a layer of
cells in the intermediate zone of the frontal cortex and in cells of the olfactory bulb. At birth,
Mef2c mRNA expression patterns has higher levels at the more internal layers of the frontal
cortex and in the inferior colliculus. Two weeks after birth, Mef2c gene was expressed in the
dentate gyrus and was also detected in a subset of pyramidal cells in the horn of Ammon of
the hippocampus, while being expressed equally throughout the layers of the frontal cortex,
showing higher levels in the cell bodies. With this work, Lyos et al. [7] demonstrated that
Mef2c is expressed in a dynamic pattern during mouse brain development.
As neurons process and retain information by forming synaptic connections, that are
modiﬁed by the intensity and frequency of their activity, the regulation of the eﬃcacy of
synaptic transmission and neural protection from apoptosis becomes critical for the contin-
uing remodeling of neural networks required for cognitive processes, such as learning and
memory [8]. Previous studies with mice uncovered that Mef2, in vivo, plays an essential
role in hippocampal-dependent learning and memory, and synaptic plasticity and control of
synapse number, by suppressing the number of excitatory synapses and thus regulating basal
and evoked synaptic transmission [29]. Developmental deletion of Mef2c in the brain causes
hippocampus-dependent learning, memory and fear conditioning impairment [29, 30] and
also an abnormal distribution of neurons in the cortical plate [31]. Knockdown of MEF2C in
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mature cerebro cortical neurons results in increased synaptic number and activity [31]. The
behavioral ﬁndings are similar to those observed in mouse models of a mutant Mecp2 gene,
in which the pattern of altered anxiety, reduced cognition and hand wringing is suggestive
of an autism-like syndrome [31].
1.6 MEF2C and nervous system pathologies
As mentioned, MEF2C plays a crucial role in several developmental programs. Accord-
ingly altered expression of this transcription factor can be associated with several human
neurological disorders, some of which rare and severe.
1.6.1 Alzheimer's disease
In the last ﬁve years, genome wide association studies (GWAS), one of them under the banner
of I-GAP(International Genomics of Alzheimer's Project), have related MEF2C gene to
dementia conditions such as Alzheimer's disease (AD) [32]. This gene is involved in a pathway
of immune response and inﬂammation which is signal of AD. Also, their relationship comes
from single-nucleotide polymorphisms (SNPs) present in the gene that enhance the genetic
risk for AD [32, 33, 34]. Like the onset of AD, the disease's progression is also aﬀected by
genetic factors, and Wang et al. found a SNP in MEF2C related to that rapid progression
[35].
1.6.2 Parkinson's disease
Studies using human embryonic stem cells (hESCs) also associated MEF2C with Parkinson's
disease (PD) [36]. The authors showed the potential of MEF2C to revert PD through the
restriction of hESCs to the neuronal lineage and their consequent protection against apopto-
sis. This can be accomplished through the forced expression of MEF2C or the counteraction
of aberrant redox pathways that inhibit MEF2C's proper function [36, 37].
1.6.3 Amyotrophic Lateral Sclerosis
A study performed by Calvo and colleagues in 2012, using transgenic mice as an animal model
for amyotrophic lateral sclerosis (ALS), showed that the Mef2c expression is signiﬁcantly
and negatively correlated with longevity, which means that MEF2C is closely related to the
neurodegenerative process of ALS. These results suggest that MEF2C is a good potential
biomarker for ALS [38].
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1.6.4 5q14.3 haploinsuﬃciency syndrome - MRD20
MEF2C is located in the chromosome 5q14.3 and disorders related to this chromosome region
were ﬁrst described in 2009 and are now between the most common microdeletion syndromes.
As a result of joint eﬀorts of the German Mental Retardation Network (MRNET) and the
Decipher database, Engels et al. (2009) discovered a new microdeletion syndrome in patients
whose microdeletions overlapped in the region 5q14.3, with a size of approximately 1.6 Mb.
These patients displayed, as a common phenotype, severe mental retardation with absence of
speech and limited walking abilities, epilepsy or febrile seizures, muscular hypotonia, seizure
disorders and variable brain and other minor anomalies [39]. Despite MEF2C location
outside the 1.6 Mb smallest region of overlap, the observation of two very similar patients led
Zweier et al. to further investigate the nearby MEF2C gene as a potential monogenic cause
of the 5q14.3 microdeletion syndrome [40]. Mice with conditional Mef2c knockout in neural
progenitors have abnormal aggregation and compaction of neurons, which was manifested in
smaller brain size with smaller, less mature neurons in adulthood, with resultant aberrant
electrophysiology and severe behavioral anomalies. Also, the phenotype of murine models
of Mef2c inactivation and the biological function in neuronal pathways supports the causal
role of defects in MEF2C for the onset of severe mental retardation phenotype observed in
human patients with MEF2C haploinsuﬃciency [31, 40].
Studies on the 5q14.3 chromosomal region revealed over 50 cases of chromosomal deletions
varying from 50 kb to 21 Mb, and involving MEF2C gene [6, 39, 41, 42, 43, 44, 45, 46, 47,
48, 49, 50, 51, 52, 53, 54, 55]. Comparison of the positions of the deletions, mutation and
expression analysis lead to the hypothesis that MEF2C is the crucial phenocritical gene
in this region [51]. Mutation analysis on MEF2C in 362 patients with severe intellectual
disability revealed four de novo mutations: two truncating mutations (c.99dupT, p.E34X and
c.226_236del11, p.H76DfsX15) and two missense mutations (c.113T>A, p.L38Q; c.80G>C,
p.G27A) were found in exon 3, that encodes the MADS and MEF domains of MEF2C. The
described patients showed the full phenotype with severe intellectual disability (ID), epilepsy,
absent speech, partial hypotonia and autistic features [6]. Also, truncating mutations have
been described with a frameshift starting in exon 5 (p.Asn153ThrfsX33) in a patient with
severe developmental delay, progressive microcephaly, but normal brain magnetic resonance
imaging, absent speech and stereotypic hand movements [56]; and a nonsense mutation in
exon 7 of MEF2C (c.683C>G, p.S228X) in a patient with severe ID, regression at age of ﬁve
months with loss of previously acquired skills, absent speech, epilepsy and autistic features
[42].
MEF2C is a candidate for the phenotypical gene of the 5q14.3 microdeletion syndrome
and it is assumed that the phenotype of patients with non overlapping deletions is caused
by a positional eﬀect. This is due to, mainly, three reasons: 1) MEF2C position in the
overlapping region of all the microdeletions detected in this syndrome, 2) the importance of
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MEF2C in neurogenesis and 3) the identiﬁcation of patients with similar phenotype to those
with deletions in region 5q14.3, but only with ablation of MEF2C gene [6].
Currently, this disease is designated as autosomal dominant mental retardation syndrome-
20 (MRD20) and is considered one of the main causes of intellectual disability. The main
phenotypic characteristics of this syndrome rely on neurological and craniofacial features,
so patients with MEF2C loss of function mutations show a neurodevelopmental phenotype
with severe mental retardation associated with absence of speech, epilepsy or febrile seizures,
stereotypic hand movements, delayed motor development, and a later inability to walk, and
hypotonia. There are, also, several dysmorphic facial features (Figure 1.6) such as: promi-
nent (broad) forehead, epicanthal folds, brachycephaly, hypertelorism, ﬂat nasal root and
bridge, a small upturned nose, anteverted nostrils, abnormal ears and short neck, upslanting
palpebral ﬁssures, small mouth, large ears, small chin, and strabismus [6, 42, 51, 56, 57]. In
some cases epileptic encephalopathy, corpus callosum abnormalities and periventricular white
matter abnormalities are present. Additionally, there are another series of miscellaneous
malformations that include renal abnormalities, cleft palate, club feet, heart defect and dis-
located hips, and a set of behavioral psychiatric manifestations such as stereotypic/repetitive
movements and autistic features [57]. Despite these major abnormalities, one exceptional
patient with the largest deletion, 21.08 Mb encompassing MEF2C had an unusually mild
phenotype with a global IQ of 69 [48].
Figure 1.6: Craniofacial features of MRD20 patients. Patients bearing mutations in the coding sequence of
MEF2C show craniofacial dysmorphic features related to MEF2C haploinsuﬃciency. Images available from
ﬁve reported cases of MRD20 patients with MEF2C mutations and eight MEF2C microdeletions. Adapted
from (Le Meur et al., 2010; Zweier et al., 2010 [42, 6]).
In 2010, Zweier et al. showed that autosomal dominant de novo MEF2C mutations cause
severe mental retardation with phenotypical overlap to Rett syndrome (a neuronal disorder),
which may be explained by a common pathway since patients with MEF2C defects showed
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diminished MECP2 and CDKL5 expression and MEF2C mutations in vitro resulted in di-
minished transactivation of both the MECP2 and CDKL5 promoters [6]. Also, MECP2 is
involved in gene silencing and known to aﬀect the activity of BDNF (brain-derived neu-
rotrophic factor), and in turn, it has been shown that BDNF activates MEF2 transcription
factors (Figure 1.7) [31].
Figure 1.7: MEF2C shares a common pathway with CDKL5, MECP2 and BDNF during synaptic devel-
opment. (Adapted from Zweier et al., 2010, Paciorkowski et al., 2013 and Hotz et al. 2013 [6, 51, 52])
Although it is easy to confuse MEF2C-related disorders with other diagnoses, such as
classical and atypical Rett syndrome, epileptic seizures in MEF2C-related disorders are less
severe and start later (6 to 18 months of age). However, typical and atypical Rett syn-
drome and MEF2C-related disorders share similar stereotypic hand movements, such as
hand mouthing and hand washing. So, feeding diﬃculties, seizures starting after 6 months,
independent walking at 3 to 4 years and stereotypic movements appear to be important
features to select patients with severe mental retardation to screen for the MEF2C gene
[56].
1.7 Main Objective
MEF2C appears to exert a crucial function in diﬀerent development pathways, which was
evidenced above. Among them, MEF2C plays an essential role in human neuronal devel-
opment, which was observed through expression analysis, and also by the disarrangement
generated by its haploinsuﬃciency. The main objective of this work consisted in the valida-
tion of zebraﬁsh as an animal model to study MEF2C related pathologies, focusing on the
neuronal issues.
To disclosure the function of both, the MEF2C zebraﬁsh orthologue and paralog, in
neuronal development, we used mef2ca and mef2cb loss of function mutant lines to perform
brain criohistology and expression analysis of genes related with brain development. To
ascertain if zebraﬁsh mutants had altered behavior due to problems at the neuronal level, we
performed several behavioral tests to each the mef2ca and mef2cb loss of function mutant
lines and their WT counterparts. Furthermore, in silico and in vitro analysis were performed
to investigate the possible role of MEF2C in the regulation of the MECP2 gene.
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Chapter 2
Material & Methods
2.1 Syntenic Evaluation
Syntenic arrangement around MEF2C locus was determined analysing the ﬂanking genes
in 13 diﬀerent species from Mammalia, Aves, Amphibia and Actinopterygii classes through
Ensembl database search function (http://ensembl.org/index.html).
2.2 Involvement of Mef2c in mecp2 Transcription Activ-
ity (direct link evaluation)
The goal of this task was to evaluate in silico and in vitro whether Mef2ca or Mef2cb may
regulate directly the zebraﬁsh mecp2 (methyl CpG binding protein 2 ) promoter.
2.2.1 in silico analysis of regulatory elements
DNA sequence from zebraﬁsh's mecp2 promoter (2014 bp) was obtained from Ensembl
(http://www.ensembl.org/) database, with the accession number ENSDARG00000014218.
Putative transcription factor binding sites (TFBSs) in the 5 ′ upstream region of mecp2 gene
were searched using the web-based prediction programs MatInspector
(http://www.genomatix.de/) and TFSEARCH (www.cbrc.jp/research/db/TFSEARCH.html).
MatInspector threshold was set to default and the TFSEARCH minimum score was set to
85.0 points. DNA sequences were previously masked for repetitive elements by the software
RepeatMasker (www.repeatmasker.org) using the default (slow and sensitive) mode.
2.2.2 Plasmid construction
The mecp2 promoter from the zebraﬁsh gene fragment -1211/-47 (relative to transcription
start site) was generated by PCR ampliﬁcation of zebraﬁsh genomic DNA using the set
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of primers Dre_mecp2_prom_Fw1 and Dre_mecp2_prom_Rev2 (Table 2.1), cloned into
pCRII-TOPO vector and conﬁrmed by DNA sequence analysis.
Table 2.1: mecp2 promoter primers. Primers were designed using PerlPrimer set at: 60 to 70oC, 140 to
200 bp, 20 to 26 base primer length, and tested for a more accurate melting temperature on VectorNTI.
The construct was then digested withXhoI/HindIII enzymes (Thermo Scientiﬁc, 10U/µL)
for 1 h at 37oC. The reaction included 1 µg of pCRII-TOPO vector with the inserted se-
quence, 0.5 µL of both enzymes, 2 µL of 10× buﬀer M (Thermo Scientiﬁc) and H2O to make
up a volume of 20 µL. The digestion was followed by fusion into the promoterless pGL3-basic
(Promega) vector previously digested with the same enzymes.
All constructs were veriﬁed by double standard DNA sequence analysis. Plasmids used for
transfection studies were prepared using PureYieldTM Plasmid Miniprep System (Promega).
2.2.3 Transfection & Lusiferase assay
Experimental procedure is resumed in ﬁgure 2.1.
HEK293 cells (ATCC CRL-1573TM) were cultured at 37oC with 5 % CO2 in DMEM
medium (Gibco, Life Technologies) supplemented with 10% fetal bovine serum (FBS) (Sigma),
1% penicillin/streptomycin (Gibco, Life Technologies) and 1% Glutamine (Gibco, Life Tech-
nologies). Cells were seeded at 60% conﬂuence in 24-well plates (Nunclon Delta Surface,
Thermo Scientiﬁc) with 5x104 cells/well.
Transient transfection assays were carried out using 125 ng of pGL3 reporter plasmid as
positive control, in combination with 25 ng of the Renilla luciferase-expressing vector pRL-
null (Promega), per well. Co-transfections were performed using 125 ng of mecp2 promoter
fragment contruct, 12.5 ng of each transcription factor alone (mef2ca andmef2cb) and 6.25 ng
of both transcription factors, per well, as shown in ﬁgure 2.2. Both mef2ca (BC059188) and
mef2cb (EU825718) constructs were cloned in our laboratory in the expression vector pCMX-
PL2, generously provided by Prof. Roland Schüle (Freiburg University, Germany) and were
already available in our laboratory.
XtremeGENE HP DNA Transfection Reagent (Roche) was the DNA carrier used. After
48 hours of incubation, the cells were lysed in 100 µl of Passive Lysis Buﬀer (Promega).
Luciferase activity was measured using a Dual-Luciferase Reporter Assay kit (Promega)
in accordance with manufacturer's instructions in a Synergy 4 microplate reader (BioTek).
Levels of ﬁreﬂy luciferase were normalized against Renilla luciferase. The pGL3-control
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Figure 2.1: Schematic representation of the strategy used to study the possible regulation of the mecp2
promoter by the Mef2c TFs. a) Using TFbind analysis tool, putative MEF2C binding sites at the Mecp2
promoter sequence was identiﬁed. b) The promoter sequence was inserted into a reporter vector. c) Both
the reporter vector, containing the promoter region and an expression vector, containg the mef2ca/mef2cb
cDNAs, were co-transfected into human cells, for later luciferase activity assay.
Figure 2.2: Schematic representation of the transfection plate. 24-well plate shown as an example. The
plate shows an assay with a transfection with mecp2 promoter construct and co-transfections with mecp2
and mef2ca, mef2cb constructs alone or together. pRL Renilla Luciferase acts as a control for the transfection
assay. pGL3-basic control vector was used.
vector (Promega) was transfected as a positive control for each transfection. All experiments
were repeated at least three times.
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2.3 Brain Characterization
2.3.1 Fish maintenance and experimental design
Zebraﬁsh (Danio rerio) from four diﬀerent genotypes (WT, mef2cab1086/+, mef2cbfh288/fh288
and mef2cbfh288/+) were obtained by natural spawning of broodstock adapted to captivity,
maintained in our facility (CCMAR, Bioskel lab). Fish were maintained at 28.5oC on a 14
h light/10 h dark photoperiod.
All the experimental procedures involving animals followed the EU guidelines (Directive
86/609/CEE) and National legislation (Directives 1005/92 from October 23, 466/95 from
May 17 and 1 1131/97 from November 7) regulating animal experimentation and welfare.
2.3.2 Histology: Head inclusion in OCT and sectioning
Fish were sacriﬁced using 2-phenoxyethanol 0.001% (Sigma-Aldrich). Their heads were re-
moved using a sharp scalpel and placed in 4% PFA (paraformaldehyde in PBS (phosphate
buﬀered saline)), overnight at 4oC. Then, the heads were placed in a sucrose solution, 20%,
in phosphate buﬀer until completely submerged, at room temperature. Until this point the
samples were kept separated by genotype and gender.
The heads were then embedded in OCT (optimal cutting temperature) compound (VWR
chemicals), in individual plastic molds and frozen in dry ice. Head samples were kept at -80oC
until sectioning. The samples were sectioned with CryoStar NX50 Cryostat (ThermoFisher
Scientiﬁc) with a width of 20µm and a temperature of -28oC. Sections were collected in
2% gelatin coated slides (coating recipe in table A.1). Around 20 samples were sectioned.
Sections were stored at -20oC.
2.3.3 Cresyl Violet staining
Slides were ﬁrst dipped in distilled water for 2 minutes and stained with Cresyl Violet 0.5%
for 2 minutes. After staining, slides were dehydrated starting with distilled water for 2
minutes, EtOH 70% for 5 minutes, EtOH 95% for 10 minutes, EtOH 100% for 10 minutes
and EtOH 100% for 5 minutes. Finally, slides were cleaned twice with xylene for 5 minutes.
The sections were mounted in the synthetic resin DPX (Mountant for histology, Sigma-
Aldrich).
2.3.4 Brain sections characterization
The mounted slides were analyzed under SteREO Lumar microscope (Carl Zeiss) coupled
to a camera. Snapshots of each of the sections were taken using AxioVision microscopy
software release 4.8.2 (Carl Zeiss), with a magniﬁcation of 160×.
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Upon photograph evaluation, we observed that the sections had poor quality with little
integrity. Given this fact, no further experiments were conducted with these samples.
2.4 Learning & Memory Behavior
To evaluate learning and memory in adult zebraﬁsh, two tests were applied: "Learning &
Memory" test and "Visual Discrimination Memory" test. The ﬁrst, evaluated the ability of
the ﬁsh to remember the location of a "paradise tank" (Figure 2.3a). The second experiment
examined acquisition and extinction of a visual stimulus where, initially, ﬁsh had to learn
which one of two colors was the correct one (Figure 2.3b).
Adult ﬁsh, of around 8 months of age, both males and females, were tested in a self
made acrylic glass (polymethyl methacrylate) T-maze, composed of a long arm (46 cm),
two equally short arms (20 cm), and a 20 cm by 20 cm tank with 20 cm depth ("paradise
tank") (Figure 2.3a), with a total capacity of 15 L. All arms are 10 cm wide and 10 cm deep.
Colored sleeves were made out of folded binding cover sheets (Figure 2.3b). The tank was
build so it would have doors to adapt its conﬁguration to the experiment and to be used in
the experiment it self.
The ﬁsh used in this experiment were descendent from crosses between ﬁsh whose brains
were extracted for characterization.
During experiment intervals the ﬁsh were maintained in 8 L aquaria (ZebTec housing
system; Tecniplast), with water recirculation at 28.5±0.5oC on a 14 hour light/10 hour
dark photoperiod. System water is artiﬁcially produced and exchanged at a 10% daily rate,
maintained with a conductivity of 760±50 µS and pH of 7.8±0.1. Fish were fed twice a day
with dry food (Zebrafeed) and live Artemia nauplii.
The T-maze was build using polymethyl methacrylate plates, subjected to a laser plotter
to cut them into custom designed plates. They were then glued together with two speciﬁc
acrilic glues (Colaplex Speedy plus and Colaplex Gold plus, Dagol). The whole building
process took around two weeks (Figures 2.4 and 2.5).
In both experiments, the T-maze was ﬁlled with about 12 L of system water (760±50 µS
and pH of 7.8±0.1) (around 8 cm depth), and the water was kept warm with a thermostat
(JBL ProTemp S 300) set to 28.5oC ± 0.5oC. On the "Visual Discrimination Memory"
experiment, the water was changed before the extinction sessions, so remnants of food reward
were washed away. The food reward utilized was newly hatched Artemia nauplii.
The location of the experiments were kept as quietly as possible throughout, to minimize
stress levels that zebraﬁsh were subjected to.
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(a) (b)
Figure 2.3: Blueprint of self build T-maze. (a) Blueprint of the T-maze showing plate dimensions and
door location: A - start box door, B and C - arm door and D - "Paradise" (conﬁguration 1) tank door.
This conﬁguration 1 was used in "Learning & Memory" test. (b) T-maze with colored sleaves (conﬁguration
2). The color used (red and green) were chosen randomly and its position in the maze (right or left) were
altered across trials. The color red was deﬁned as the correct one. This conﬁguration 2 was used in "Visual
Discrimination Memory" test.
Figure 2.4: Self build T-maze during construction. Top left image shows polymethyl methacrylate plates
cut and ready to be used. Bottom left image shows the T-maze and the "paradise" tank already assembled
together. Right image shows the entire maze put together and ready to ﬁll with water.
2.4.1 Learning & Memory
The Learning & Memory experiment was performed in conﬁguration 1 (Figure 2.3a). The
chamber, used as the "paradise" tank, contained artiﬁcial plants and coloured marbles that
oﬀered a favourable habitat for the ﬁsh.
Firstly, ﬁsh from the same genotype (N=10 WT, N=5 mef2cab1086/+, N=4
mef2cbfh288/fh288 and N=5 mef2cbfh288/+) were acclimatized to the long arm of the T-maze,
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Figure 2.5: T-maze in use. Left image is a close up of the "paradise" tank with the accessories needed
to make it attractive to the ﬁsh. Middle and right images show the T-maze ﬁlled with water and ready to
begin the experiments.
for 10 to 15 minutes. Then, each ﬁsh was tested individually and was kept individualized
throughout the whole experiment.
On the ﬁrst trial (T0), ﬁsh were placed in the start box (Figure 2.3a) and were given 5
minutes to fully explore the maze. The start box door (Figure 2.3a, door A) was raised and
then lowered after the ﬁsh had exited the start box and the time taken to ﬁrst encounter the
"paradise tank" and stay for at least 15 seconds was recorded. Fish were then netted and
returned to the start box for a second trial (T1) or to its individual tank for a later trial.
The third and forth trial were done 2 (T2) and 24 (T24) hours, respectively, after the
ﬁrst, with time always being recorded. The experiments have taken two days to perform for
each group of ﬁsh belonging to the same genotype.
Prior to every trial, ﬁsh were fed with newly hatched Artemia nauplii, and were later
placed in the start-box for at least two minutes in order to decrease stress levels.
To some extent, the procedures were performed in accordance with Darland and Dowling
[58].
2.4.2 Visual Discrimination Memory
The Visual Discrimination Memory experiment consisted in three stages: Pre-training, Dis-
crimination training (or Acquisition) and Extinction and the conﬁguration 2 of the T-maze
was used (Figure 2.3b).
A group of mixed gender 8 months adult ﬁsh, from the same genotype (N=10 WT, N=5
mef2cab1086/+, N=4 mef2cbfh288/fh288 and N=5 mef2cbfh288/+) were utilized and kept housed
together throughout the experiment.
The procedure started with a pre-training, where each subject received two sessions of
exposure to the food rewards in the T-maze, in the absence of the colored sleeves. Each
session consisted of two trials, the ﬁrst with the right arm sealed oﬀ (Figure 2.3a, door C)
and the second with the left arm sealed oﬀ (Figure 2.3a, door B). On each trial, a ﬁsh was
placed in the start box for about 2 minutes. The start box door (Figure 2.3a, door A) was
raised and then lowered after the ﬁsh had exited the start box. As soon as the ﬁsh swam
into the open arm of the T-maze, the corresponding door was lowered (either door B our C
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as showed in ﬁgure 2.3a) to prevent the ﬁsh from exiting the arm of the maze and a food
reward was delivered. After 30 seconds, the ﬁsh was netted and returned to the start box
for the second trial or to the home tank after the second trial. On each trial, the time taken
for the ﬁsh to exit the start box and enter the open arm was recorded.
The next day, a discrimination training, or acquisition, was performed that consisted in
eight sessions, four in one day and another four the next day. Each session consisted of four
trials. At the beginning of each trial, a ﬁsh was placed in the start box (Figure 2.3a) for
about 2 minutes. The start box door was raised (Figure 2.3a, door A) and then lowered
after the ﬁsh had exited the start box. As soon as the ﬁsh swam into one of the two colored
open arms of the T-maze (Figure 2.3b), the corresponding door was lowered (either door B
our C as showed in ﬁgure 2.3a) to prevent the ﬁsh from exiting the arm of the maze. A food
reward (newly hatched Artemia nauplii) was delivered immediately if the ﬁsh had made a
correct choice (red arm). After 30 seconds, the ﬁsh was netted and returned to the start box.
A correction procedure was performed so that, following an incorrect choice, the trial was
repeated with the arm to the incorrect side (green) blocked oﬀ. Food rewards were given on
correction trials upon correct choices. For all the subjects, red was arbitrarily chosen as the
correct choice, and its position varied across sessions. On each trial, the time taken to exit
the start box and enter an arm, as well as the color of the arm chosen were recorded.
Fish were given a maximum time of 3 minutes to choose one of the arms. If no choice
was made, they were removed from the T-maze and from the experience data.
Finally, in the fourth day, there were three sessions of extinction. Each session consisted
of four trials and was identical to the training sessions, except no food rewards and no
correction trials were applied. The ﬁrst extinction session was given at least 16 hours after
the last session of discrimination training.
The entire experimental process was performed as suggested by Colwill et al. [59] and is
shown in ﬁgures 2.6 and 2.7.
The matrix conﬁguration that supports the analysis of the experiments rests on the
following structure: number of sessions divided in blocks of columns of two or four trials
each (depending on the stage of the experiment), further subdivided into 2 columns to
include correction procedure in the case of stage 2, whose division line wise results in total
ﬁsh diﬀerentiated by genotypes, thus resulting in a matrix of size 34 by 4 in case of stage 1,
34 by 64 in case of stage 2 and 34 by 24 in case of stage 3. Tables A.7 and A.8 in appendices
shows the results.
2.4.3 Statistical analysis
Due to the experimental design, statistical analysis of changes across the experiment sessions
was not possible because individual subjects were not identiﬁed.
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Figure 2.6: Visual discrimination memory experimental design. The experiment was divided into three
stages. Stage 1, pre-training, consisted of two sessions of two trials each. Stage 2, discrimination training,
consisted of eight sessions of four trials each and, if needed, a correction procedure. Stage 3, extinction,
consisted of three sessions of four trials each.
Start box
Green
Last trial?
Red
Prev. right choise 
or 1st trial
Block green
arm
Chose red 
in 3m?
Remove
Home tank
No
Yes
Yes
Yes
No
No
Figure 2.7: Visual discrimination memory experimental ﬂowchart. This ﬂowchart demonstrates the line of
thinking when performing the second stage of the experiment. The ﬁsh starts at the starting box and the
next procedure depends on the previous action.
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2.5 Brain Development Related Genes Expression Levels
To evaluate if zebraﬁsh Mef2c loss of function aﬀected brain development, the expression
of several genes known to be involved in brain development was analysed by qPCR, in
mef2cab1086/+, mef2cbfh288/fh288 and mef2cbfh288/+ mutants and WT zebraﬁsh, who had been
previously utilized for the Learning & Memory experiments.
2.5.1 in silico analysis
A bibliographic research was performed in order to identify a group of genes involved in the
development of brain tissue and suited for relative expression analysis. Using this approach,
an extensive list of genes was identiﬁed and further analyzed using the online NCBI search
tool UniGene (http://www.ncbi.nlm.nih.gov/UniGene) was used to identify which one of
those were, in fact, expressed in the adult brain. Table 2.2 shows the compilation of the
genes used in this work.
Table 2.2: Expression pattern of genes related with brain development. Expression patterns collected from
UniGene online tool. All genes are highly expressed in the brain, but gdnf and bsx are exclusively expressed
in the brain.
2.5.2 RNA extraction
Adult zebraﬁsh pools, grouped by genotype (WT, mef2cab1086/+, mef2cbfh288/fh288 and
mef2cbfh288/+), were sacriﬁced in an ice bath. Their brains were immediately dissected with
forceps and placed in 1 ml of TRIzolTM Reagent (ThermoFisher Scientiﬁc), in order to
prepare total RNA through single-step RNA isolation with acid guanidinium thiocyanate-
phenol-chloroform method [60]. The samples were homogenized using a 20G needle ﬁtted to
a syringe. 200 µl of chloroform per 1 ml TRIzol Reagent was added to the tube, which was
shaken vigorosly for 30 seconds, and incubated at room temperature for 15 minutes. Each
tube was then centrifuged for 15 minutes at 12000 g and 4oC, and the top, colorless, aqueous
phase containing RNA was collected into a new tube. 0.5 ml of 2-Propanol (Isopropanol,
Sigma-Aldrich) was added per ml of TRIzol and the tube mixed thoroughly. The sample
was allowed to stand for 10 minutes at room temperature for RNA precipitation. Then, the
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tubes were centrifuged for 10 minutes at 12000 g and 4oC. The supernatant was removed
and the RNA pellet was washed twice with 1 mL of 75% ethanol per ml of TRIzol and
centrifuged (twice) at 7500 g for 5 minutes at 4oC. The RNA pellet was let to brieﬂy dry
(5 to 10 minutes) and then, diluted with the appropriate volume of nuclease free water
(GeneJET RNA Puriﬁcation Kit, ThermoFisher Scientiﬁc). RNA was, posteriorly, quantiﬁed
by spectrometry (NanoDrop ND-1000, Thermo Scientiﬁc).
2.5.3 Measurement of relative gene expression by quantitative real-
time polymerase chain reaction (q-PCR)
cDNA was prepared with 1000 ng of total RNA (to a ﬁnal volume of 7.64 µl) from each
sample of adult zebraﬁsh brain pool analysed, which was treated with 1 µl RQ1 RNase-Free
DNase (Promega) and 0.96µl of RQ1 buﬀer for 30 minutes at 37oC. 1µl of stop solution was
added and the samples were incubated for another 10 minutes at 65oC. The RNA was then
supplemented with 0.4 µl oligo(dT) (50 mM, Sigma Aldrich) and 1 µl of dNTP (10 mM,
Invitrogen), which was incubated for 5 minutes at 65oC. The mix was then cooled down
at 4oC for 5 minutes and added 4 µl of ﬁrst strand buﬀer (5x, Invitrogen), 2 µl DTT (0,1
M, Invitrogen), 1 µl RiboLock RNase Inhibitor (40 U, Invitrogen) and 1 RiboLock RNase
Inhibitor (40 U, Invitrogen). Finally, reverse transcription was performed using Moloney-
murine leukemia virus (M-MLV) reverse transcriptase (200U, Invitrogen) in a total volume
of 20 µl, for 50 minutes at 37oC and 15 minutes at 70oC for enzyme denaturation.
Sequences for each gene were obtained from NCBI nucleotide database, whose accession
numbers are present in table 2.3a. Primers for each gene were design using PerlPrimer
webpage set at: 60 to 70oC, 140 to 200 bp, 20 to 26 base primer length, and tested for a
more accurate melting temperature on VectorNTI software (Thermo Fisher Scientiﬁc). Table
2.3b shows the complete list of designed primers.
qPCR was performed in a CFX96 PCR detection system apparatus (Bio-Rad). PCR
ampliﬁcations were prepared with 1× SensiFASTTM SYBR Hi-ROX Kit (Bioline), a ﬁnal
concentration of 0.3 µM of each primer listed in table 2.3b and β-actin (Fw: TGATGCC-
CCTCGTGCTGTTTTCC, Rev: CTCATTGTAGAAGGTGTGATG), and 1 µl of a 1/10
cDNA dilution. Reactions were submitted to an initial denaturation of 30 seconds at 95oC
followed by 40 ampliﬁcation cycles (each cycle 5 seconds at 95oC, 10 seconds at 65oC), and
ﬁnal dissociation curve: 65oC to 95oC, with an increase of 0,5oC every 5 seconds. For each
assay, a negative control was performed in the absence of cDNA template. Fluorescence was
measured at the end of each extension cycle in the SYBR channel and melting proﬁles of
each reaction were performed to check for unspeciﬁc product ampliﬁcation. Levels of gene
expression were calculated using the comparative method (∆∆Ct) and threshold cycles were
normalized using gene expression levels of β-actin as the reference gene.
25
Table 2.3: Brain related genes information. (a) Genes accession numbers from NCBI database. (b) Sense
and anti-sense primers used for qPCR ampliﬁcation, for each of the genes anayzed.
(a) (b)
2.5.4 Statistical analysis
The signiﬁcance studies for these samples were performed through Tukey's HSD (honest
signiﬁcant diﬀerence) test in conjunction with an ANOVA on GraphPad prism 5.0 software
(Inc., La Jolla, CA, USA). The probabilities below 5% (p<0.05) were considered statistically
signiﬁcant.
2.6 Locomotor Behavior
To assess zebraﬁsh's behaviour, two tests were performed on WT, mef2cab1086/b1086,
mef2cab1086/+, mef2cbfh288/fh288 and mef2cbfh288/+ larvae.
Diﬀerent locomotor tests were conducted in larvae of three diﬀerent ages: 1 dpf, 2 dpf
and 6 dpf. These three time-point tests were performed in the same larvae. So, all larvae
were maintained individualized until the end of the locomotor behavior experiments, for
subsequent genotyping (at 7 dpf). The larvae used in this experiment were descendent from
crosses between ﬁsh used for the Learning & Memory behavior experiments.
Until 2 dpf the larvae were kept in a 96-well (Nunclon Delta Surface, Thermo Scientiﬁc)
ﬁlled with 250 µL of embryo medium, after that, they were transferred into 12-well plates
(Nunclon Delta Surface, Thermo Scientiﬁc) ﬁlled with 2 mL of embryo medium (recipe in
table ??, Appendix A.1), so that they had more freedom of movement given that zebraﬁsh
hatch at 3 dpf and become more active. At 5 dpf larvae receive their ﬁrst and only feed
of newly hatched Artemia nauplii (20 artemia ml−1; INVE group, Dendermonde, Belgium).
Larvae were kept at 28.5±0.5oC with a photoperiod under standard laboratory conditions
as previously described [61].
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All the experimental procedures involving animals followed the EU guidelines (Directive
86/609/CEE) and National legislation (Directives 1005/92 from October 23, 466/95 from
May 17 and 1 1131/97 from November 7) regulating animal experimentation and welfare.
2.6.1 Early spontaneous motor behavior
Aproximately 200 embryos with 1 dpf, of each genotypes, were mechanically dechorionated at
least 1 hour prior to the experiments, using sharp forceps. Embryos were then acclimatized
to room temperature in a 6-well plate (Nunclon Delta Surface, Thermo Scientiﬁc) with
embryo medium for at least 20 minutes before the beginning of the experiments, separated
by genotype.
To estimate the rate of spontaneous contractions, each freely moving larvae were recorded
under a stereo-microscope (Leica MZ6) using a digital camera (Canon PowerShot G12)
attached to the microscope ocular, over a period of 2 minutes. Videos were later reviewed
and contractions were counted. Only complete coilings were counted. These were deﬁned as
the period between the ﬁrst deviation of the trunk from its resting state until its return to
its initial position. In case of multiple contractions after a spontaneous movement, only the
ﬁrst coiling was taken into account.
The data obtained from this experiment was stored as shown in Appendix A.3, tables
A.2, A.3, A.4, A.5 and A.4. Each table refers to one genotype and has three groups referring
to three replicates of around 40 larvae from the mef2ca heterozygous crosses and 20 larvae
from the WT and from the mef2cb crosses.
2.6.2 Early stimulated motor behavior
In order to evaluate the escape response of the zebraﬁsh, an electric shock stimulus was
planned as an alternative to the more commonly used mechanical stimulation (eyelash
method), due to expected higher reproducibility. For that purpose, a custom plate was
built out of acrilic glass (polymethyl methacrylate) cut by a laser plotter, with eight 2 cm
by 4 cm wells with 0.5 mm depth. At each well, two parallel copper electrode were added
to provide the electric current in an uniform electric ﬁeld ( ~E) conﬁguration (Figure 2.8).
Figure 2.8: Electric shock delivery setup. From left to right: custom made shock delivery plate; hand-held
constant time and current electro-stimulator; bench-top variable time and current electro-stimulator.
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In order to determine the optimal parameters for the electric shock (current and time)
to be applied to the larvae, a literature review was conducted [62, 63, 64, 65, 66]. The
reported parameters are shown in table 2.4. Based on the gathered information, we decided
to apply an electric pulse of 1 mA and 1 ms. For that purpose, a custom build hand-held
battery operated electro stimulator was produced (Figure 2.8, middle photo). With this
device, the above mention conditions were tested on circa 10 larvae of 2 dpf of age, but no
coherent stimulus response was observed. Sometimes the larvae reacted to the stimulus and
sometimes they did not had any response to it. Another problem was that the larvae were,
occasionally, hiden under the cylindrical copper electrode, ﬂeing from the electric current
and disappearing from the ﬁeld of view of the observer.
Table 2.4: Electric shock delivery parameters. E, I, t and σ stand for electric ﬁeld intensity, current, time
and conductivity, respectively. All currents DC except when stated otherwise.
Valente Lee Pradel Orger Blank Al-Jubouri Yokogawa
et al. [62] et al. [63] et al. [64] et al. [65] et al. [66] et al. [67] et al. [68]
E (V/cm) 1.5 8.6 0.25 1.0 1.0 15  30(2) <10
I (mA) (1) 0.7(2) 1.2 (1) ?AC <0,05(2) (1)
t (ms) 70 100 10 (1) (1) (1) 10
Meio (1) embr. md. (1) (1) syst. wt. syst. wt. syst. wt.
σ (µSm−1) (1) 850 (1) (1) 10× 103(2) 10× 103(2) 550
Device (1) G.T. SD9 home built home built (1) home built home built
Age >7 dpf adults adults 7 dpf adults 5 dpf adults
To overcome this diﬃculties, a second version of the electric stimulator was build, to be
connected to a standard arbitrary function generator, with the possibility of varying both
current and time duration of pulses (Figure 2.8, right photo). Also, the copper parallel
electrodes were replaced by silver painted parallel electrodes (Figure 2.8, left photo, top
right corner). The silver conductive ink was allowed to dry for a couple of days and well
was thoroughly washed with water and embryo medium to ensure that volatile solvents that
could aﬀect the larvae were removed.
A new batch of tests was conducted with around thirty 2 dpf WT larvae varying the
exposure time and the applied current, as shown in table 2.5. However, the samples did not
show a coherent behavior, most likely due to unknown electrophysiological properties, which
would require further more systematic studies beyond the purpose of this work. Due to this
fact, the stimulated motor behavior testing was not pursued.
2.6.3 Spontaneous swimming activity
The same larvae, at 6 dpf, used in the previous tests were monitored for spontaneous swim-
ming activity. Despite the large availability of larvae ﬁlmed, only a maximum of 10 larvae
per replicate and a maximum of 30 larvae per genotype was used in the calculations, for
1Reference does note provide this information or suﬃcient data to estimate.
2Estimated from data provided in the reference.
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Table 2.5: Electrical stimulus parameters used with the second version of the electrical stimulator. Yes
and No stand for visible response to the applied electric shock.
normalization purposes. In this experiment, we analyzed 26 WT larvae, 29 mef2cab1086/b1086
larvae, 19 mef2cab1086/+ larvae, 30 mef2cbfh288/fh288 larvae and 30 mef2cbfh288/+ larvae, as
presented in table 2.6.
Recordings were performed under a stereo-microscope (Leica MZ6) using a digital camera
(Canon PowerShot G12), over a period of 3 minutes, at 24 frames per second, after a period
of 20 minutes of habituation at room temperature. For that purpose, larvae were placed in
a lid of a 24-well cell culture plate ﬁlled with 500 µL embryo medium.
The videos of swimming larvae were processed using Tracker 4.96 software (copyright (c)
2016 Douglas Brown - physlets.org/tracker) [69] to follow movement. Coordinate axes were
locked in the center of the well and a software virtual calibration stick was used to indicate
the diameter of the well (17 mm). The track control created was a "point mass" (as advised
by the software creators). The function "Autotracker" was used and all settings were set
to default: "template evolution rate" - "20%", "automark" - "4", "search" - "look ahead".
Tail size was set to "none". Tracking results were stored as showed in table 2.6.
Table 2.6: Tracking results ﬁling code. Tracking results were ﬁled using a code x_y_z, were x stands for
the genetic background, y stands for the replicate and z stands for the individual.
Given the lack of optimal conditions of the settings of the experiment, namely lighting
and contrast, the tracker software was unable to operate in full automatic mode. Due to
this fact, all the 134 videos had to be analyzed individually requiring the intervention of the
operator to correct tracking errors, each taking around 1h30.
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For an object (one ﬁsh) occupying N positions P0, P1, . . . , Pn over time, the tracking
software produces a ﬁle with the coordinates and times of those positions
(x0, y0, t0), (x1, y1, t1), . . . , (xn, yn, tn)
referred to the coordinate system of axis (Figure 2.9).
x
y
arena
r0
P0
r1
P1
r2
P2
rn−1
Pn−1rn
Pn
∆r0
∆r1
∆rn−1
(0, 0)
Figure 2.9: Successive positions of objects over time referred to the frame of reference used by the tracker
software. Coordinate axis are represented in blue lines. The red circle represents the arena of radius 8.5 mm.
Following the same general lines proposed by Pietri et al. [70] to analyze motor behavior,
a set of metrics was deﬁned, such as total distance covered by each ﬁsh, average of accelera-
tions, and also, the maximum of the average of velocities. To compute those metrics custom
R scripts [71] were developed.
Given a set of coordinates over time (xn, yn, tn), the following quantities were calculated:
Radial distance
The radial distance ri, that is, the distance to the centre of the arena at time ti, is given by
the length of the line segment witch joins the origin (0, 0) with point (xi, yi), i.e.,
ri =
√
x2i + y
2
i (2.1)
From this quantity, the average time spend at a certain distance from the wall can be
calculated.
Distance covered
The displacement between points Pi and Pi+1, ∆ri, is given by
∆ri =
√
(xi+1 − xi)2 + (yi+1 − yi)2 (2.2)
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The total distance, d, traveled by each ﬁsh, is the sum of the partial displacements ∆ri
d =
N−1∑
i=0
∆ri (2.3)
Velocity
The velocity vi between instants ti and ti+1 is
vi =
√
(xi+1 − xi)2 + (yi+1 − yi)2
(ti+1 − ti) =
∆ri
∆ti
(2.4)
The average of velocities is
v =
1
N − 1
N−1∑
i=0
vi (2.5)
Acceleration
The acceleration ai is
ai =
(vi+1 − vi)
(ti+1 − ti) =
∆vi
∆ti
(2.6)
The average of accelerations is
a =
1
N − 2
N−2∑
i=0
ai (2.7)
2.6.4 Genotyping
Larvae with mef2cab1086 homozygous mutation have severe craniofacial deformities, which
prevents them from being able to feed themselves and causes them to parish at around 9
dpf, when their embryonic nutrient reserves end. Due to this, only heterozygous mutants
for this mutation live to be adults, which makes a genotyping step needed to identify the
descendence of a cross between two heterozygous mutant ﬁshes.
At 7 dpf mef2cab1086/+ mutants were sacriﬁced with 0.2% of 2-phenoxyethanol. For ge-
nomic DNA (gDNA) extraction, the whole larvae was placed in 1.5 mL tube with NaOH
50mM and heated to 95oC for 10 minutes, then Tris-HCl pH 8,0 was added in 1:10 concentra-
tion and the supernatant was collected after a 2 minutes (maximum velocity) centrifugation.
Polymerase chain reaction (PCR) technique was used to amplify the gene of interest
from gDNA extracted from whole larvae. For mef2cab1086/+ mutants the primers used were
Fw: ATTTCATGTCATGGAACTAAATCTGTT and Rev: CGGCTCGTTGTACTCGGT-
GTACT. The reaction included 2.5 µL of 10× PCR Rxn buﬀer (Invitrogen), 1 µL of MgCl2
(50 mM, Invitrogen), 0.5 µL of each primer (10 mM), 0.5 µL of DNTPs (10 mM), 0.25 µL
of Taq DNA polymerase (5U/µL, Invitrogen) and H2O to ﬁnal volume of 25 µL. The reac-
tion started with an initialization step of 94oC for 3 minutes, then 40 cycles of 94oC for 30
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seconds, 55oC for 30 seconds and 72oC for 30 seconds, a ﬁnal elongation step of 72oC for 10
minutes, and a ﬁnal hold of 12oC.
In order to identify if the larvae had the mutation, a restriction enzyme digestion was
carried out, using 3 µL of DNA, 0.1 µL of SfcI enzyme (Thermo Scientiﬁc, 10U/µL) and
2 µL of 10× Tango buﬀer (Thermo Scientiﬁc). The reaction was incubated at 37oC for 1
hour. The DNA molecules were separated through gel electrophoresis method, using 4% of
agarose in TAE buﬀer. To every 100 mL of gel, 1.8 µl of GreenSafe (Nzytech) was added
to allow better visualization under ultra-violet (UV) light. The agarose gel ran at 120 V for
approximately 40 minutes and the fragments were observed under a UV transilluminator.
2.6.5 Statistical analysis
R software (R core team) was used to analyze data and results were plotted using R and Excel
(Microsoft). Results are presented using histograms, bar graphs with conﬁdence intervals
and box-and-whisker diagrams with the median as the central red mark, the ﬁrst quartile
(q1) and third quartile (q3) for the edge of the box (black), and the extreme data points
represented by the whiskers in the range of q1− 1.5× (q3− q1) to q3 + 1.5 ∗ (q3− q1).
Due to the fact that, for most cases in this work, the distribution of the data was un-
known, statistical signiﬁcance was assessed using the Kruskal-Wallis test [72]. This is a
non-parametric method for testing whether samples originate from the same distribution or
not, and can be used for comparing two or more independent samples of equal or diﬀer-
ent sample sizes. The Kruskal-Wallis test is the non-parametric equivalent of the one-way
analysis of variance (ANOVA).
Despite the dimension of the sample, where we could apply a parametric test, we chose
a non-parametric test for precaution. This led us to chose a more conservative test.
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Chapter 3
Results & Discussion
3.1 Syntenic Arrangement of Neighbouring genes
MEF2C shows a conserved pattern of synteny. To investigate if Mef2c showed a
conservation pattern throughout evolution from zebraﬁsh to human, we performed syntenic
analysis. With this purpose, we searched in public databases for the localization of MEF2C
and its ﬂanking genes in chromosomes from 12 species from diﬀerent classes (Figure 3.1).
Our analysis revealed that 19 genes in the immediate vicinity of MEF2C are highly con-
served relative to their position in all the species analysed. In human, MEF2C is ﬂanked
upstream by TMEM161B, CCNH, RASA1, COX7C, EDIL3,HAPLN1, VCAN and SSBP2
and downstream by CETN3, MBLAC2, POLR3G, LYSMD3, ADGRV1, ARRDC3, NR2F1,
FAM172A, SLF1 and MCTP1. The zebraﬁsh orthologues, mef2ca and mef2cb, are located
in chromosomes 10 and 5, respectively. The syntenic arrangement around the mef2cb locus in
chromosome 5 shows a remarkable similarity to that observed in the other classes analysed,
being surrounded by exactly the same genes as in human, with only one exception (cetn3 ).
Interestingly, eight genes (etil3, hapln1, rasa1, arrdc3, ssbp2, vcan, mctp1 and nr2f1 ) that
surround mef2cb are also duplicated and appear surrounding mef2ca in chromosome 10,
together with cetn3 gene.
A highly conserved syntenic arrangement between zebraﬁsh genes and their mammalian
orthologues was previously shown by several studies [73, 74, 75]. In the present work, we
have evaluated the chromosome localization of MEF2C genes in diverse species from several
classes and showed that it co-localizes with other 18 genes in most species analysed. The
exceptions were observed in the cow (Bos taurus), the dog (Canis lupus familiaris), the
mouse (Mus musculus) and the chicken (Gallus gallus), where it seems to be an inversion
of the genes position around the MEF2C gene. The presence of two mef2c genes in teleost
species relative to one in tetrapods may be explained by genome duplication (TSD) in the
Actinopterygii lineage, in a common ancestor of teleost ﬁsh [73].
We found that neighbouring genes clustered around mef2cb and mef2ca are present on a
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Figure 3.1: Gene disposal scheme ofMEF2C ﬂanking regions in vertebrate species. Localization of 19 genes
that co-localize, in chromosomes, with MEF2C are identiﬁed with diﬀerent colours in 12 species belonging
to Mammalia, Aves, Amphibia and Actinopterygii classes. Sequences were obtained from www.ensembl.org.
Chromosome in which the genes are present is also indicated. Gene abbreviations are: HAPLN1 - hyaluro-
nan and proteoglycan link protein 1; EDIL3 - EGF-like repeats and discoidin I-like domains 3; COX7C -
cytochrome c oxidase subunit VIIc; RASA1 - RAS p21 protein activator (GTPase activating protein) 1;
CCNH - Cyclin H; TMEM161B - Transmembrane protein 161B; CETN3 - Centrin, EF-hand protein, 3;
MBLAC2 - metallo-beta-lactamase domain containing 2; POLR3G - Polymerase (RNA) III (DNA directed)
polypeptide G; LYSMD3 - putative peptidoglycan-binding, domain containing 3; ADGRV1  adhesion G pro-
tein  coupled receptor v1; ARRDC3 - Arrestin domain containing 3; NR2F1 - Nuclear receptor subfamily 2,
group F, member 1; FAM172A - Family with sequence similarity 172, member A; SSBP2 - Single stranded
DNA binding protein 2; VCAN - Versican; MCTP1 - Multiple C2 and transmembrane domain containing 1;
SLF1 - SMC5-SMC6 complex localization factor 1.
single locus in mammalian, bird and amphibian. mef2cb shares the majority of the neigh-
bouring genes present in theMEF2C locus from the mammalian lineage, which could suggest
that it is in fact the orthologue of MEF2C gene. This analysis is conﬁrmed by previous ob-
tained results from Guo et al., where the same patterning of genes was found [76].
3.2 Functional analysis of mecp2 regulation by Mef2c
Given the knowledge existing that shows a close relationship between Mecp2 and Mef2c,
involving both MRD20 and Rett sindrome, we performed transfection assays in order to
ascertain whether this relationship is in fact direct or indirect.
Given the results from Adrião, 2015 [77], who shows that mef2ca and mef2cb mutants
show a decrease in mecp2 gene expression, it is suggested that both mef2ca and mef2cb
exert a positive regulation in the expression of this gene. However, how mecp2 and mef2ca
or mef2cb connect with each other is not yet clear.
Neither Mef2ca or Mef2cb transcription factors bind directly to mecp2 promoter
In silico analysis revealed putative binding sites for Mef2ca and Mef2cb transcription factors,
located near the ﬁrst exon of the zebraﬁsh mecp2 gene (Figure 3.2).
Co-transfection experiments were performed in HEK293 cells with zebraﬁsh Mef2ca and
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Figure 3.2: In silico analysis of mecp2 promoter. DNA sequence spanning from -1211 to -47, relative
to transcription start site (blue rectangle) identiﬁed several putative binding sites for Mef2ca and Mef2cb
transcription factors juxtaposed to each other, indicated as green oval ﬁgure. Arrows indicate the location
of the designed primers. Exon 1 of the mecp2 is also represented.
Mef2cb, in order to test their ability to transactivate mecp2. Both Mef2ca and Mef2cb
transcription factors did not induce any signiﬁcantly luciferase activity change (Figure 3.3).
Figure 3.3: Relative luciferase activity of the analysed constructs (-1211/-47) in HEK293 cells. No statis-
tical analysis was possible due to lack of biological replicates.
Several works mention the relationship between mecp2 and mef2c [6, 31, 51]. Li et al.
2008, state that, in mice, "Mecp2 promoter contains multiple putative MEF2 sites, consis-
tent with the notion that MEF2C may provide feedback to activate Mecp2 transcription"
[31]. Hotz et al. 2013 conﬁrms the interaction between MEF2C and MECP2 after the anal-
ysis of MECP2 expression on patients with 5q14.3 microdeletion [51]. From the work by
Zweier et al. 2010 resulted that "patients with MEF2C defects showed diminished MECP2
expression", indicating a common pathway between the two.
As Li et al. states, BDNF is involved in the pathway connecting MEF2C, CDKL5
and MECP2 [31] and is among the transcriptional targets of MEF2 in hippocampal neu-
rons [78, 79]. However, upon putative transcription factor binding sites search (using the
web-based prediction programs MatInspector (http://www.genomatix.de/) and TFSEARCH
(www.cbrc.jp/research/db/TFSEARCH.html)), we found 10 putative MEF2C binding sites
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in the 2000 bp upstream region of bdnf promoter. This made the investigation of a possible
Mef2c bind rather diﬃcult, due to scarce time and resources.
Here, we have established that, even though Mecp2 promoter has indeed several putative
binding sites for Mef2c and that they both work in close proximity, this link may not be
direct for them to be connected. Maybe, for both genes to provide feedback to one another,
some other factors need to be involved.
3.3 Structure and Volume Analysis of the Brain
No results are presented in this section due to poor quality of the experiment samples.
We believe that the poor integrity of the sections may be due to, either a diﬀerence on
the rigidity found between the brain and the skull, or the mere presence of the skull itself.
On that note, to obtain better results, a change in the protocols are in order. For instance,
a decalciﬁcation step may be added prior to the inclusion in the OCT, the brain may be
extracted from the skull and further sectioned or we can increase the cutting temperature
to -20oC, to avoid the tissue from shattering (some of these alterations are described in the
book Neuroanatomy of the Zebraﬁsh Brain: A Topological Atlas [80]).
3.4 Learning & Memory Ability Evaluation
3.4.1 Learning & Memory
All ﬁsh, WT and mutant, suﬀered a decrease in time taken to ﬁnd the paradise tank from
the ﬁrst trial to the one performed 2 hours later. However, this time increased after 24 hours
from the ﬁrst trial, with mef2cab1086/+ being the exception.
In average, WT ﬁsh had a decrease from T0 to T2, and than an increase from T2 to T24.
mef2cab1086/+ larvae had an increase in time from T0 to T2 and a later decrease from T2 to
T24. mef2cbfh288/fh288 showed an increase in time from T0 to T2 followed by a decrease in
T24. mef2cbfh288/+ showed an increase from T0 to T1, followed by a decrease to T2 and a
new increase to T24. This was also the slowest group (Figure 3.4a).
The median gives slightly diﬀerent results, where in WT ﬁsh the time taken to ﬁnd the
"paradise" tank is more or less maintained from T0 to T1 and the time taken to reach the
tank in all the trials diminishes. In mef2cab1086/+ ﬁsh there is a decrease in time from T0
to T1 with a diminishing time in T24. mef2cbfh288/+ ﬁsh shows the same pattern, however
with a lower time in T0 and a higher time in T24. Results are shown in ﬁgure 3.4b and in
a descriptive table in appendix A.4.
Given the low number of samples, the calculation median is perhaps the best way to
represent the group. However, since that no statistical analysis was possible, all conclusions
drawn from these results must be handled carefully.
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(a)
(b)
Figure 3.4: Mean and median time to reach the "paradise" tank. (a) - Mean time to reach the "paradise"
tank of the mutant and WT ﬁsh, of the four sessions of the experiment. (b) - Median time to reach the
"paradise" tank of the mutant and WT ﬁsh, of the four sessions of the experiment. T0 is the ﬁrst session
in initial experiment time, T1 is the session performed immediately after the ﬁrst, T2 is the session done 2
hours after the ﬁrst session and T24 is the session done 24 hours after the ﬁrst session. N=10 WT; N=5
mef2cab1086/+; N=4 mef2cbfh288/fh288; N=5 mef2cbfh288/+.
Further information, not available in a quantitative way, is that mef2ca heterozygous
mutants often hide under the marbles, which may be indicative of high stress levels and, on
a contrary note, mef2cb heterozygous mutants swim in a more superﬁcial manner, strongly
suggest lesser anxiety levels than their WT counterparts.
3.4.2 Visual Discrimination Memory
The questions of interest here were whether the zebraﬁsh would learn to choose the colored
arm that led to food reward in acquisition and whether that preference would decline when
food rewards were discontinued in extinction.
Pretraining All the ﬁsh entered the open arm and consumed the food reward on each of
the four pretraining trials. The median time to enter the left and right arms was, respectively,
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25 and 14.5 seconds for WT ﬁsh, 25 and 30 seconds for mef2cab1086/+ ﬁsh, 22.5 and 9 seconds
for mef2cbfh288/fh288 ﬁsh and 69.5 and 51.5 seconds for mef2cbfh288/+ ﬁsh, on the ﬁrst session.
On the second session, the median time to enter the left and right arms was, respectively, 30.5
and 78.5 seconds for WT ﬁsh, 53 and 98 seconds for mef2cab1086/+ ﬁsh, 52 and 9 seconds for
mef2cbfh288/fh288 ﬁsh and 48.5 and 51 seconds for mef2cbfh288/+ ﬁsh. Table 3.1 summarizes
the results.
Table 3.1: Median pretraining choice time. Median of time to enter the open arm of the T-maze, calculated
for each group of ﬁsh (N=10 WT; N=10 mef2cab1086/+; N=4 mef2cbfh288/fh288; N=10 mef2cbfh288/+).
Session 1 was done in the morning and session 2 was done in the afternoon of the same day.
Discrimination Figure 3.5 shows the mean percentage of correct trials for each of the eight
training sessions for subjects rewarded for choosing the red colored arm. The performance
of all genotypes improved over the course of training and reached a similar terminal level.
That improvement was numerically greater for the mef2cbfh288/fh288 mutant ﬁsh during the
majority of the discriminations training (acquisition) and in the set of all discrimination
sessions (Figure 3.8a).
In addition to an increase in the percent correct over training, there was a gradual decrease
in the median time taken to make a response over the eight sessions (Figure 3.6). Median
latencies, excluding those on correction trials, declined from 15 seconds at the beginning
of the training to 4 seconds in WT ﬁsh, 11.5 seconds to 6.5 seconds in mef2cab1086/+, 17.5
seconds to 3 seconds in mef2cbfh288/fh288 and 22.5 seconds to 5 seconds in mef2cbfh288/+, as
shown in table A.10.
On the contrary, despite mef2cbfh288/fh288 ﬁsh had overall the fastest times to make the
correct choice, these mutants were also the more indecisive ones maintaining a non-decision
percentage over 25% throughout the sessions. mef2ca and mef2cb heterozygous ﬁsh kept a
fairly steady percentage during the discrimination session, converging to the same percentage
value in the last session (Figure 3.7).
Interestingly, while the non-decision percentage went up in mef2cb homo- and heterozy-
gous mutants, from session 4 to session 5 (separated by at least 16 hours), that percentage
lowered in WT ﬁsh and in mef2ca heterozygous mutant ﬁsh (Figure 3.7). The same pattern
emerges when we analyze the mean choice time (Figure 3.6).
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Figure 3.5: Mean percentage of correct trials. Graph shows the learning curve of the mutant and WT ﬁsh
(N=10 WT; N=10 mef2cab1086/+; N=4 mef2cbfh288/fh288; N=10 mef2cbfh288/+), of the eight sessions of the
discrimination training and the three sessions of the extinction training.
Figure 3.6: Mean choice time. Graph shows the median time that the ﬁve groups of ﬁsh take to make a
decision (red or green) throughout the eight discriminations sessions, each composed of four trials (N=10
WT; N=10 mef2cab1086/+; N=4 mef2cbfh288/fh288; N=10 mef2cbfh288/+). Only the times that the ﬁsh took
to reach the correct color were taken into account.
In relation to the median percentage of correct trials (Figure 3.8a), mef2cbfh288/fh288 ﬁsh
had the highest percentage (93.8%) and WT ﬁsh had the lowest percentage (61.1%).
The overall median decision (choice) time varied through the various groups with
mef2cbfh288/fh288 ﬁsh being the fastest group to achieve the correct colored arm (2.5 seconds),
followed by the WT ﬁsh (3 seconds), and the mef2cab1086/+ ﬁsh being the slowest ﬁsh, with
6 seconds (Figure 3.8b).
Although mef2cbfh288/fh288 ﬁsh were the group with the highest percentage of correct
trials and the fastest group, they were also the most indecisive ones throughout the discrimi-
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Figure 3.7: Mean percentage of non-decision. Mean non-decision percentage of the ﬁsh throughout the eight
discriminations sessions (N=10 WT; N=10 mef2cab1086/+; N=4 mef2cbfh288/fh288; N=10 mef2cbfh288/+).
The ﬁsh were given a 3 minute maximum time to make a decision.
nation sessions, mef2cbfh288/fh288 had the highest percentage of ﬁsh (25%) that did not made
any decision, either a correct or incorrect one (Figure 3.8c). On the other hand, WT ﬁsh
had the lowest percentage (1.5%) of ﬁsh not making a decision. In the mef2cab1086/+ and
mef2cbfh288/+ ﬁsh 7.3% and 7.8%, respectively, of the ﬁsh did not made a decision.
Extinction The data from the extinction sessions, shown in the right panel of ﬁgure 3.5,
provides the information that zebraﬁsh may not have learnt to select the colored arm that
led to a food reward. Although the number of sessions is scarce, there is a tendency for the
values of the percentage of correct choices to decrease.
It is believed that this joint form of presentation of the results dissipates the magnitude of
the time eﬀect, per session, which oﬀers an evolutionary connotation to the learning process.
However, in a way that is easier to evaluate the diﬀerences between the four groups, the
data from stage 2 of the "Visual Discrimination Memory" experiment was agglomerated in
a single point. Given that, a possible statistical analysis of this kind of data does not oﬀer
"real" data, so it was not done.
All experimental paradigms on learning are based on repeatedly testing single identiﬁed
animals. However, in the case of zebraﬁsh, such conditions are diﬃcult to meet, which may
be a setback. Individuals look very similar, so identiﬁcation can be only based on either
isolation or marking, both having its own problems. For a social species, living in isolation
could provide a chronic stress apart from eﬀects of deprivation, which could interfere with
establishment of a certain behaviors [18].
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(a)
(b) (c)
Figure 3.8: Median percentage of correct trial, median choice time of correct trials and median non decision
percentage. (a) - Graph shows the median percentage of correct trials (choice of the red arm of the T-maze)
of the mutant and WT ﬁsh, of the eight sessions of the discrimination training. (b) - Graph shows the
median choice of correct trials (time to get to the red arm of the T-maze) of the mutant and WT ﬁsh, of
the eight sessions of the discrimination training. (c) - Graph shows the median of non decision percentage
of all trial (ﬁsh who did not made a decision to enter an arm of the T-maze) of the mutant and WT ﬁsh, of
the eight sessions of the discrimination training. N=10 WT; N=10 mef2cab1086/+; N=4 mef2cbfh288/fh288;
N=10 mef2cbfh288/+.
The zebraﬁsh central nervous system, although perhaps less complex, is essentially orga-
nized like the mammalian. Certainly, teleosts respond to many of the same instinctive drives
that mammals do, probably by using analogous neural substrates [58]. However, our cur-
rent knowledge of the functionality of the zebraﬁsh adult CNS remains fragmentary, making
behavioral phenotypes still more diﬃcult to interpret than in higher vertebrates [81].
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3.5 Gene Expression Levels Analysis
To investigate whether mutations in the mef2ca or mef2cb genes had an impact in the
expression levels of genes that are know to exert function in the brain (both in its development
and in its maintenance), an analysis of the expression on those genes was performed using
the RT-qPCR technique. The RNA for this study was extracted from the ﬁsh used in the
behavioral studies (8 months ﬁsh from both genders; N=10 WT, N=5 mef2cab1086/+, N=4
mef2cbfh288/fh288 and N=5 mef2cbfh288/+).
Zebraﬁsh mef2c mutants show alteration of emx1 gene expression To identify
downstream genes of mef2c function, we have veriﬁed the diﬀerential expression levels of
candidate genes by performing quantitative RT-PCR analysis on selected genes in the WT
and mutant zebraﬁsh. With the exception of emx1 expression, that shows signiﬁcant diﬀer-
ences, all the other markers analysed were found not to have an altered expression in the
diﬀerent mef2c mutant lines analysed, compared with the WT (Figure 3.9).
Expression of emx1 gene was decreased in mef2cab1086/+ with a reduction of 28% relative
to WT, more or less maintained in mef2cb heterozygous mutant ﬁsh with a small increase of
4% relatively to WT, and highly increased in mef2cb homozygous mutant, with an increase
of 319% relatively to WT. These diﬀerences were signiﬁcant with a level of signiﬁcance of 5%
between mef2cbfh288 homozygous mutant and WT, mef2cab1086 and mef2cbfh288 heterozygous
mutants (Figure 3.9).
Figure 3.9: Expression analysis of brain development related genes mag, creba, sox3, bsx, foxp1b and
emx1, in zebraﬁsh mef2ca heterozygous (mef2ca+/b1086) mutants, mef2cb heterozygous (mef2cb+/fh288) and
homozygous (mef2cbfh288/fh288) mutants. Gene expression levels were measured by qPCR in samples ob-
tained from adult ﬁsh. Values are relative to expression levels of β-actin gene and expressed as mean ± SD.
* indicates p<0.05
The gdnfa gene was found to be expressed in the brain in an exclusive manner, however
when the qPCRs were performed, its expression was exceptionally low and even undetected
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in some cases (data not shown).
CREBa (cAMP-Response Element Binding protein a) is amongst the transcription factors
which regulate progenitor diﬀerentiation and neuronal survival and may also contribute to
neural precursor cell proliferation [82]. CREBa has a role in setting correct brain structure
formation and in modulating proliferation of neural cells, and is constitutively activated in
proliferating cells in adult vertebrate brain [82].
foxp1b is expressed in speciﬁc regions of the developing and/or mature brain in zebraﬁsh,
furthermore, the conserved expression in brain foxp1b plays a signiﬁcant and conserved role
in the development of the CNS [83].
Sox3 is one of the earliest and most generally expressed transcription factors in neural
development of vertebrates and it has been implicated as a central player in the maintenance
of the stem cell state of neural cells [84].
In murine, Bsx expression is detectable in restricted neural areas, including the telen-
cephalic septum and the mammillary and tuberalis areas of the developing and postnatal
hypothalamus [85, 86]. However, its molecular functions are unknown [86]. No information
is available for the zebraﬁsh bsx gene as it has not yet been extensively studied.
The myelin-associated glycoprotein (MAG) regulates myelin-axon interactions and al-
though Mag-null mice produce abundant functional myelin, they display late onset pro-
gressive axonal atrophy, which indicated that MAG stabilizes myelinated axons [87]. No
information is available for the zebraﬁsh mag gene as it has not yet been greatly studied.
The zebraﬁsh emx1 (empty spiracles homeobox 1) gene codes for a transcription factor
that was ﬁrst presented as an ortholog to other vertebrate emx1 genes [88]. It is expressed in
two major domains, the mesoderm and the anterior brain, with high expression in the dorsal
telencephalon with a sharp posterior limit at the telencephalon  diencephalon boundary, as
also reported in mammals [89, 88, 90]. In humans, the EMX1 is a homeobox transcription
factor involved in specifying cell fates in the developing central nervous system, and it
participates in the development of olfactory neurons [91].
The functions of the diﬀerent parts of the telencephalon encompass control of sensory
and motor, autonomic and endocrine functions, as well as, cognitive tasks like memory,
learning and emotion. The dorsal part is also called the pallium and ablation experiments
combined with behavioral experiments suggest that the lateral nucleus of the pallium shows
a similarity in function to the hippocampus and the medial nucleus of the pallium to the
amygdala of amniotes [90]. This leads us to believe that zebraﬁsh homozygous mutant for
the gene mef2cb may have problems at the neurological level either in motor or cognitive
tasks.
The results presented evidence an alteration in emx1 gene expression levels, but it is
necessary to analyze them carefully because of the low number of ﬁsh analysed by genotype.
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3.6 Locomotor Metrics Evaluation
3.6.1 Early spontaneous motor behavior
The spontaneous contractions of the several embryos (at 1 dpf) mainly showed coiling of
the trunk separated by a period of rest of several seconds. However, in some occasions, the
contraction events led to several successive coilings without noticeable delay between each
movement. Isolated and multiple contraction movements were considered as single spon-
taneous motor activity events. The spontaneous motor activity of wild-type, heterozygote,
and homozygote mef2ca and mef2cb mutant embryos was then quantiﬁed.
Figure 3.10 illustrates the coiling pattern of a WT 1 dpf embryo which is assumed to be
the normal behavior of the ﬁsh.
Figure 3.10: Frame sequence of WT coiling behavior. Selected frames from a video sequence showing
spontaneous coiling behavior of a WT 1 dpf embryo.
Mutant ﬁsh show early spontaneous motor behavior alterations Wild-type em-
bryos presented a median frequency of coiling of 5.5 events per minute at 25 hpf (Figure
3.11), signiﬁcantly diﬀerent from all the groups: mef2cab1086/b1086 with 3 events per minute,
mef2cab1086/+ with 3.5 events per minute and mef2cbfh288/fh288 with 5 events per minute,
except mef2cbfh288/+ with 5 events per minute. Within the mef2cb mutation, there is no sig-
niﬁcant diﬀerence between the homozygous mutant (mef2cbfh288/fh288) and the heterozygous
mutant (mef2cbfh288/+).
During the recording period, 12.5% of WT embryos exhibited at least one event with
more than one contraction (Figure 3.12). In mef2cab1086/b1086 and mef2cab1086/+ none of
the embryos (0%) showed events with more than one contraction. mef2cbfh288/fh288 and
mef2cbfh288/+ embryos showed at least one event with more than one contraction in 18.2%
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Figure 3.11: Frequency of coiling. Number of coiling events were calculated in the ﬁve groups analyzed:
WT (N=46), mef2cab1086/b1086 (N=19), mef2cab1086/+ (N=46), mef2cbfh288/fh288 (N=53) andmef2cbfh288/+
(N=42) larvae, in a period of 2 minutes. Coiling frequency was reduced to events per 1 minute. Results are
presented as a box and whiskers graph. * indicates p<0.05 and **** indicates p<0.0001
and 11.1% of the cases, respectively. None of the groups showed signiﬁcant diﬀerences
between them.
Figure 3.12: Double contraction percentage. Percentage of multiple contraction events was extracted
from the video support for the ﬁve groups analyzed: WT (N=46), mef2cab1086/b1086 (N=19), mef2cab1086/+
(N=46), mef2cbfh288/fh288 (N=53) and mef2cbfh288/+ (N=42) larvae. Results are presented as a box and
whiskers graph. No statistical diﬀerences were found.
An important aspect of neurobiology is to understand the development of locomotion
[92]. Spontaneous contractions have been known to occur in embryos of various ﬁsh and
were thought to be myogenic but now it is known that this behavior is of a neural origin
[93]. The earliest spinal network of the zebraﬁsh embryo consisted of electrically coupled
ipsilateral neurons. Most of the neurons were spontaneously and rhythmically, showing
periodic depolarizations consistent with the spontaneous contractions [94].
The zebraﬁsh spinal cord is very immature when motor rhythms ﬁrst appear. There are
less than 20 neurons with axons per side of each somite at 24 hpf. Before 26 hpf there are
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only three cholinergic motoneurons per side of each segment: the caudal primary, middle
primary, and rostral primary motoneurons. The ﬁrst motor rhythms in zebraﬁsh occur at 17
hpf, after this time, three sequential behaviors appeared: spontaneous contractions, touch
responses, and swimming [92, 95]. This immature motor behavior consists of spontaneous
repeating, rhythmic, alternating coils of the tail that persist over the course of several hours
[92]. The frequency of these large amplitude coils in embryos removed from their chorions
peaks at 19 hpf and rapidly declines during the next few hours [96]. The synchronicity of
activation provided by this slow rhythm throughout the spinal network may provide a per-
missive environment for the formation and strengthening of synaptic contacts by promoting
coincident pre- and postsynaptic excitation [97] meaning that mutants that move faster may
not allow this neuron strengthening.
Zebraﬁsh are easily removed from the chorion, facilitating the analysis of behavior through-
out embryonic development [92]. In the embryo, a small number of identiﬁable neurons are
present in these areas, suggesting that a cellular deﬁnition of the locomotor circuits may be
possible [92]. This behavior could be observed in intact eggs, but was easier to character-
ize upon freeing the embryos from the chorion by using ﬁne forceps [92]. The spontaneous
contractions never completely stop and are likely the eventual cause of hatching [95].
The double coiling phenomenon is a rather recent discovery and it has been described
as an intermediate behavior that bridges the developmental gap between early single coiling
with the onset of the touch response and the later appearance of swimming [96]. Double
coiling is similar to the previously described S-ﬂexures observed in other animals and may
thus reﬂect a common vertebrate behavior [96]. As in S-ﬂexures, the contractions during a
double coil overlap, such that the second contraction begins at the rostral (most anterior)
end before the ﬁrst contraction has terminated at the caudal end, implying a close interaction
between the two sides of the spinal cord [96].
The spinal cord appears to be the locus for precocious development of vertebrate locomo-
tor functions [92]. Given the diﬀerences in coiling frequency between WT and mef2ca homo-
and heterozygous and mef2cb homozygous mutants (which are statistically signiﬁcant), it is
suggested that excitation of the spinal cord may be altered. However, the double contrac-
tion metric oﬀers a contradictory result given that there is no signiﬁcant diﬀerence between
mef2ca and mef2cb mutants and their WT counterparts.
Another hypothesis is that there may be a perturbation in either excitation driven by
glutamatergic synapses (which may be decreased) or inhibition which relies on glycinergic
inputs (which may be augmented) [96].
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3.6.2 Genotyping
Here, an example of the genotype result is presented. After extraction of gDNA from 7
dpf larvae, restriction result is as following: WT: one fragment of 243 bp, mef2cab1086/b1086:
one fragment of 217 bp and one fragment of 26 bp; mef2cab1086/+: one fragment of 243, one
fragment of 217 bp and one fragment of 26 bp. The fragment of 26 bp is not visible in the
gel due to its small size.
Figure 3.13: Genotyping results. gDNA of 7 dph was extracted, then digested with SfcI restriction enzyme
and run at 120 V in a 4% agarose gel. Three possible DNA fragments: 26 bp, 217 bp and 243 bp. A wild-type
animal has the fragment of 243 bp (well 1), an homozygous animal has the 217 and 26 bp fragment (well
2), and an heterozygous animal has all three expected DNA fragments (well 3). Here, the 26 bp fragment is
not visible. Well 6 shows the 100 bp DNA ladder.
3.6.3 Spontaneous swimming activity
Diﬀerences between wild-type and mef2ca and mef2cb mutant ﬁsh were also assessed by
monitoring their spontaneous swimming behavior at 6 dpf, according to the methodology
proposed by Pietri et al. [70].
In order to understand the overall positional behavior of the ﬁsh in the arena over the 3
minute time frame, we constructed maps of trace (one example from one ﬁsh) and density
(the data agglomerate of each genotype), as it is shown in ﬁgure 3.14. The group of maps
in the left represents an example of the trace path of one ﬁsh, while the other two maps
represent the set of all the ﬁsh in the same genotype. Furthermore, the colored map (middle)
indicates the density (number of occurrences) in each position of the arena. Here, a prefer-
ence for the borders of the well is visible either for WT, mef2cab1086/b1086 , mef2cab1086/+ ,
mef2cbfh288/fh288 or mef2cbfh288/+ larvae.
Figure 3.15 shows the histograms of the distance to the centre of the arena for the ﬁve
genotype groups. Here, an axis inversion was performed to facilitate distribution adjustment
and visualization. It is apparent that the individuals tend to adopt diﬀerent swimming
patterns with the WT group keeping a preference of swimming along the wall of the arena,
while mef2cbfh288/+ has a higher density in the center of the arena than all the other groups.
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Figure 3.14: Trace and density maps. Example of traces for all genotype larvae, obtained from a recording
session of 3 minutes (left). Colored density maps representing the proportion of larvae at each position in
the well (middle). Black and white density maps representing the proportion of larvae at each position in the
well (right). Top to bottom: WT, mef2cab1086/b1086, mef2cab1086/+, mef2cbfh288/fh288 and mef2cbfh288/+.
Attempts were made to ﬁt the histograms to the most common continuous, asymmetri-
cal, supported on semi-inﬁnite interval [0,∞) probability distributions, namely log-normal,
gamma, Weibull, F, using visual inspection trough Q-Q plots, but without results.
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Thigmotactic responses of mutant larvae were not diﬀerent from their WT coun-
terparts Thigmotactic behavior describes the position of the larvae relative to the wall
of the well, over time. Considering that these animals show a tendency to swim close to
the walls (as shown in ﬁgure 3.14) we proceed to analyze thigmotactic behavior. For this
purpose, the wells were divided into two zones: an inner circular zone at the center of the
well covering 72% of the total surface area, and an outer ring region covering the remaining
28% (Figure 3.16). These values, of inner and outer zone, were deﬁned as the place were, in
median, WT larvae spent 66% of their time in the outer ring (Figure 3.17).
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Figure 3.15: Histograms of the radial distance from the wall for the ﬁve groups analyzed: WT (N=26),
mef2cab1086/b1086 (N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+ (N=30).
Notice the inversion of axis direction to facilitate distribution adjustment.
Figure 3.17 presents the boxplot of the percentage of time (in the 3 minute duration of the
experiment) spent by each of the ﬁve groups outside a circular region of radius r = 7.2mm
centred on the centre of the arena. Although there are visible diﬀerences between groups, only
the diﬀerence between mef2cab1086/b1086 (66.4%) and mef2cab1086/+ (82.8%) is statistically
signiﬁcant (p<0.05) according to the Kruskal-Wallis test. It is interesting to note that,
descriptively, the variability of mef2cbfh288/+ is higher, with a larger inter-quartile distance
(41.1% to 95.1%) in line with a more ﬂat histogram (Figure 3.15), meaning that this group
exhibits a higher tendency to swim along the entire radial distance.
The median values are summarized in ﬁgure 3.18, where WT larvae are represented in blue
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Figure 3.16: The arena surface was di-
vided into inner and outer regions to use for
data analysis. The inner region comprises
the area of a radius of 7.2 mm inwards (72%
of total arena area) and the outer region the
area of a 7.2 mm radius outwards (28% of
total arena area).
Figure 3.17: Time percentage spent in an outside disk. Boxplot of the time spend outside a disk of
r = 7.2 mm for each of the ﬁve groups analyzed: WT (N=26), mef2cab1086/b1086 (N=29), mef2cab1086/+
(N=19), mef2cbfh288/fh288 (N=30) andmef2cbfh288/+ (N=30). mef2cbfh288/fh288 is the most heterogeneous
group. Results are presented as a box and whiskers graph. * indicates p<0.05
and are the group whose median is closest to the wall; mef2cab1086/+ and mef2cbfh288/fh288
larvae have overlapping median values which are represented by the yellow line;mef2cab1086/b1086
andmef2cbfh288/+ are representes by the red and orange lines, respectively, withmef2cbfh288/+
being the group who swum furthest away from the wall.
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Figure 3.18: Location of the median of the swimming radial distance for the ﬁve groups analyzed: WT
(N=26), mef2cab1086/b1086 (N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+
(N=30).
Homozygous mutant ﬁsh seem to cover more distance then their WT coun-
terparts Figure 3.19 shows the histograms of the distance covered by each of the ﬁve
genotypes. It is evident from the histograms that diﬀerent groups exhibit diﬀerent swim-
ming patterns with WT,mef2cab1086/b1086 and maybemef2cbfh288/+ showing close to normal
swim total distance and groups mef2cab1086/+ and mef2cbfh288/fh288 approaching a uniform
distribution.
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Figure 3.19: Histograms of the total distance covered by each ﬁsh for the ﬁve groups analyzed: WT (N=26),
mef2cab1086/b1086 (N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+ (N=30).
The total distance covered by each individual during the recording session of 3 minutes
duration and the maximum velocity hit during that time period were calculated and the
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results are presented in Figure 3.20. WT and mef2cbfh288/+ larvae are the ones who swam
the least amount of distance (median), having swum 266 mm and 230 mm respectively. On
the contrary, mef2cab1086/b1086 and mef2cbfh288/fh288 larvae swan almost the double of the
distance than the previous two groups (463 mm and 435 mm, respectively). mef2cab1086/+
remained at 310 mm of total distance covered. The diﬀerence of total distance covered
between mef2cab1086/b1086 and mef2cbfh288/fh288 to the WT larvae is not only visible, but
also statistically signiﬁcant, with a level of conﬁdence of 5%, according to the Kruskal-
Wallis test. There was also a diﬀerence between homozygous and heterozygous mutants for
the mef2cbfh288 mutation, with a signiﬁcance level of 1% (Figure 3.20a).
The maximum velocity reached by the larvae was analyzed as well. It is deﬁned by the
maximum value of vi (equation 2.4). Here, all the larvae, from the ﬁve groups, medianly
swan at a velocity of 100±6 mm/s (Figure 3.20b). After performing the Kruskal-Wallis test
on the ﬁve groups, none of them indicated any signiﬁcant diﬀerence below the 5% conﬁdence
level interval.
We did not calculate the median velocity of each group of ﬁsh because that metric only
diﬀers from the total distance covered by a constant factor that is time. This would make
the results redundant in relation to the results obtained from the calculation of the total
distance covered.
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(a)
(b)
Figure 3.20: Total distance covered and maximum velocity reached for the ﬁve groups analyzed: WT
(N=26), mef2cab1086/b1086 (N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+
(N=30). Results are presented as (a) the box and whiskers plot and (b) the median ± SD. (a) Total distance
covered by each individual in a group during the recording time of 3 minutes. * indicates p<0.05 and **
indicates p<0.01. (b) Maximum velocity median of every group during the recording time of 3 minutes.
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mef2cab1086/+ ﬁsh seem to have a more erratic behavior In order to better understand
the bouts of activity, we analyzed the average acceleration of each group of ﬁsh (Figure 3.21a),
as well as the maximum acceleration, deﬁned as the maximum value of ai, equation 2.6, of
the same groups ( Figure 3.21b). Even though mef2cab1086/+ mutants have a lower median
of the average acceleration, its box plot has a greater amplitude, greater than all the other
groups, which may be indicative of a quite erratic behavior.
(a)
(b)
Figure 3.21: Larvae acceleration during recording periods for the ﬁve groups analyzed: WT (N=26),
mef2cab1086/b1086 (N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+ (N=30).
Average acceleration (a) and maximum average acceleration (b) for each group. Results are presented as (a)
the box and whiskers plot and (b) the median ± SD. No statistical diﬀerences were found.
To further analyze the velocity pattern, the mean velocity during activity was calculated.
For this purpose, only velocities greater than 0.005 mm/s were considered. This value was
chosen to accommodate both the resting periods with zero velocity and drifting velocities
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due to medium ﬂow or tracking errors. The resulting graph is shown in ﬁgure 3.22. From
this, it is evident that mef2cab1086/b1086 ﬁsh has a higher average velocity during movement
than the wild-type counterpart which is conﬁrmed by the Kruskal-Wallis test, with a level
of conﬁdence lower than 5%. On the other hand, there is an apparent diﬀerence between
mef2cab1086/+ and WT larvae, although that diﬀerence is not statistically signiﬁcant. The
same homozygous mutant for themef2ca mutation exhibits diﬀerences from the heterozygous
mutant of the same mutation, with a conﬁdence level of 5%, according to the Kruskal-Wallis
signiﬁcance test. The two mutant ﬁsh for the mef2cb gene, homozygous and heterozygous
mutants, do not evidentiate signiﬁcant diﬀerences to the WT larvae or between each other
(Figure 3.22).
Figure 3.22: Mean velocity during movement bouts for the ﬁve groups analyzed: WT (N=26),
mef2cab1086/b1086 (N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+ (N=30).
Results are presented as box and whiskers boxplot. * indicates p<0.05.
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Mutant larvae are more active than wild-type larvae We also analyzed the per-
centage of total experiment time (3 minutes) in which the ﬁsh were in activity - moving
(Figure 3.23). The WT ﬁsh were quieter, with an activity percentage of 93.5%, but were
also the most heterogeneous group, with the quartile percentage times ranging from 91 to
97%. mef2cab1086/b1086 mutant ﬁsh were the more active group with 98.5% of activity and
the other three groups (mef2cab1086/+ , mef2cbfh288/fh288 and mef2cbfh288/+ ) were active
in 96.5%, 96.9% and 97.7% of the time, respectively.
The Kruskal-Wallis signiﬁcance test indicates a signiﬁcant diﬀerence between all the
mutants and their WT counterparts with a signiﬁcance level of 5%, except for the
mef2cab1086/b1086 ﬁsh (with p<0.01). No statistically signiﬁcant diﬀerences existed between
homozygous mutants and heterozygous mutant ﬁsh of either of the mutations.
Figure 3.23: Median percentage of time in activity for the ﬁve groups analyzed: WT (N=26),
mef2cab1086/b1086 (N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+ (N=30).
Results are presented as box and whiskers boxplot. * indicates p<0.05 and ** indicates p<0.01.
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Fitting the scaling parameter According to Pietri et al. [70], larva activity bouts times,
deﬁned as the periods of consecutive movement between resting times, are well ﬁtted by
a power law of the form y = Cx−α, were C is the normalization constant and α is the
scaling parameter. This behaviour can be seen in ﬁgure 3.24a, where the histogram of the
activity bouts times for a generic WT individual is shown, and in ﬁgure 3.24b, where the
corresponding log-log plot is displayed with the adjusted power law in red1.
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Figure 3.24: Power law adjustment to activity bouts times. (a) Histogram of an example of a wild-type
individual. (b) log-log plot of the resting times showing in red the adjusted power law.
Using an R script, the larva activity bouts times were calculated for each individual in
the ﬁve groups, deﬁning activity as periods where vi > 0.005 mm/s and, for each individual,
a power law was ﬁtted using the poweRlaw package for R [98], from which the scaling
parameter α was obtained. With this set of αs for all the groups, a box plot was produced
(Figure 3.25) and the Kruskal-Walis test was applied to test for statistical signiﬁcance.
Figure 3.25: Box plot of the scaling parameter for the ﬁve groups analyzed: WT (N=26), mef2cab1086/b1086
(N=29), mef2cab1086/+ (N=19), mef2cbfh288/fh288 (N=30) and mef2cbfh288/+ (N=30).
1A log-log plot transforms the power law in to a negative slope straight line of the form log y = logC −
α log x.
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We observed that wild-type larvae showed a signiﬁcantly lower median scaling parameter
when compared with their mutant counterparts, with good agreement with results reported
in literature [70]. However these diﬀerences are not statistically signiﬁcant.
Metrics comparison
In order to infer a trend of behavior and to normalize the results obtained from the cal-
culations of the above used metrics, we calculated the percentage change for each metric.
Percentage chance is deﬁned by:
Pg − PWT
PWT
× 100% (3.1)
were Pg is the value of some parameter of one of the four groups and PWT is the value of
that same parameter for the wild-type group. For ease of comparison, the percentage change
results are presented as its absolute value in ﬁgure 3.26.
Figure 3.26: Percent change relative to WT. Percentage of diﬀerence of each genotype (mef2cab1086/b1086,
mef2cab1086/+, mef2cbfh288/fh288 andmef2cbfh288/+) to the WT. Three boxes are shown where each delineate
a trend of behavior.
The results in ﬁgure 3.26 are presented with this particular order, of metrics, so that
it can be possible to see 3 sets of trends. For the maximum velocity and the bouts of
activity metrics, box I shows a grouping by gene, where mef2ca homo- and heterozygous
mutants are grouped together and the same happens for the mef2cb mutants. These metrics
showed that the mef2ca mutation causes a larger separation between these larvae and the
WT counterparts.
Box III shows a diﬀerent tendency for the acceleration, distance covered, α parameter
and time percentage spent in the outer ring. The grouping formation happens between
homozygous mutant ﬁsh of both mutations and heterozygous mutant ﬁsh of both mutations.
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Furthermore, the homozygous mutant ﬁsh show a larger percentage diﬀerence to the WT
in metrics acceleration, distance and α parameter, and the contrary occurs for the time
percentage spent in the outer ring.
Box II shows no tendency of grouping between any of the mutants for the maximum
acceleration and percentage if time in activity metrics.
It is note worthy that, despite the Kruskal-Wallis signiﬁcance test is adequate for this
type of data, it may not pick up the mean diﬀerences between the groups because it does
not covers the data variability. A good complement could be the Leven signiﬁcance test.
The swimming behavior of zebraﬁsh larvae provides a unique opportunity to study pat-
terns of action sequencing. It is, however, experimentally challenging to document and
describe the motor repertoire of hundreds of freely millimeter-size individuals. An inherent
limitation when using ﬁsh larvae instead of rodents in behavioral analyses is a somewhat
reduced complexity in the motor repertoire. It is also important to keep in mind that en-
vironmental factors, including, for example, the size and color of the individual wells, can
inﬂuence the larvae behavior. At the same time, the choice of analytical procedures in the
characterization of kinematic features is also, in itself, an important factor [99].
Patients suﬀering from Mef2c haploinsuﬃciency characteristically suﬀer from delayed
motor development and a consequent inability to walk associated with hypotonia. Spon-
taneous coils were shown to be neural in origin. After ﬁve days of development, zebraﬁsh
larvae show an even larger repertoire of motor behaviors in terms of frequency and amplitude
that includes prey tracking and prey capture. These intriguing results clearly show that late
larval zebraﬁsh spinal circuitry is not simply shared for all behaviors and suggests that there
are functional subdivisions in the zebraﬁsh spinal cord rhythm generator. [97]. Hereupon,
we tested the zebraﬁsh model for motor dysfunctions in an open ﬁeld. Contrary of what
would be expected, mutant larvae show a higher activity level then wild-type larvae.
Locomotion is achieved by the rhythmic activity of motor pattern-generating circuits
which regulate their activation through the release of fast-acting neurotransmitters and
slower-acting neuromodulators [100]. Neuromodulators have been implicated in triggering
the developmental maturation of pattern-generating circuits and they may achieve this by
aﬀecting neurogenesis, synaptogenesis, among other, or by changing the inﬂuence of other
neuromodulators on target networks [100]. Although mef2c is involved in these develop-
mental functions, its haploinsuﬃciency may not be enough to cause perturbations in these
systems.
Defects in the dopaminergic system have been shown to be responsible for movement
abnormalities. In zebraﬁsh, dopaminergic systems regulate the development of locomotor
circuits [100]. This dopaminergic system, among other neuromodulatory systems, is also
implicated in the control of anxiety-related behaviors [70]. Thus, we tested thigmotactic
behavior through a place preference test. However, no diﬀerence was found, except the one
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between homo- and heterozygotes for the mef2cab1086 mutation. Meaning that mutant larvae
do not experience deregulation of the anxiety behaviors. Moreover, the homozygous mutants
covered more total distance than their WT counterparts, a variable that has also been shown
to be indicative to anxiety levels in mice [101].
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Chapter 4
Conclusion & Future Perspectives
In conclusion, this work showed promising perspectives towards the ability to use zebraﬁsh
to model brain pathologies. Even thought, no striking results were obtained that clearly
indicate where, in the brain, both mef2c genes fail to do their job, there are evidence that,
with further studies, this infomation can be discovered and translated to other species.
When analyzing the syntenic arrangement of mef2c genes in several species we concluded
that the zebraﬁsh genes (mef2ca and mef2cb) have a highly conserved pattern with other
species. This indicates that the functions discovered in the zebraﬁsh may be, to some extent,
translated to other species, specially mammalian species.
Regarding the transfection assays, no direct eﬀect was observed by the mef2ca or mef2cb
in the promoter of mecp2. In order to further analyse this putative binding, future studies
may use diﬀerent cell lines or add to the reaction co-factors that are known to interact with
both mef2c and mecp2.
An improvement to the video acquisition technique would be a powerfull change that can
oﬀer greatly better results. This change could be to ﬁlm the larvae under IR (infrared) light,
which is invisible to the ﬁsh, and could eliminate all possible "light contaminants".
In the larvae spontaneous locomotion experiments, besides the metric withdrawn from
the 1 dpf larvae videos, number on contractions and percentage of double contractions, the
time between contractions could also be obtained in order to oﬀer a more deep understanding
of the larval spontaneous movement.
The tendency grouping of all the metrics utilized in the experiment with the 6 dpf lar-
vae, indicated patterns of behavior that may have an interest to further analyze in future
experiments.
The data obtained from the motor behavior experiments oﬀer a world of results that
can be drawn from it. In the type of phenotypic screening procedures done at 6 dpf lar-
vae, a potential new drug can theoretically be identiﬁed on the basis of, either, showing
therapeutic-like eﬀects restoring motor function in an animal model of a disease or, con-
versely, mimicking the behavioral side-eﬀects induced by a certain class of clinically used
drugs. Given the neural origin of spontaneous contractions in zebraﬁsh and the existence of
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periodic depolarizations [93], it would be interesting to investigate if the behavior is aﬀected
by blockers of glutamatergic or glycinergic receptors, and the periodicity of the depolar-
izations. An advantage of the zebraﬁsh embryo for future studies on the development of
locomotion is that it may be possible to study the physiology of individually identiﬁable
neurons of the locomotor network in vivo, for instance, by calcium imaging of neuronal pop-
ulations. Also, the study of locomotor genetics may permit a combination of cellular and
molecular approaches to understanding the development of locomotor circuits.
Another experiment that may provide further insight to the possible aﬀected mechanisms
caused by these mutations is a counter-current experiment to assess stimulated swimming
ability. This setup already exists in our lab.
In the future, behavioral experiments should be done a bit diﬀerently in order to minimize,
mostly, novelty and handling stressors and social anxiety. For instance, in the learning and
memory experiments, there should be a series of steps before the actual experiment, such as
providing the ﬁsh the ability to know the environment, by letting the ﬁsh stay in the tank for a
few hours on several days prior to the experiment and reducing the population number in the
tank each time the ﬁsh are accustoming to the environment, as it was proposed by Braida et
al. [102]. In regards to the visual discrimination experiment, although the literature states
that there is no particular preference for any colors used [103], an experiment in which
two groups of ﬁsh were instructed to chose two diﬀerent color would eliminate the possible
preference. Also, to make sure that the ﬁsh actually learn which color is the correct one, an
additional step in which only one color is open for access would be necessary. Furthermore,
mef2cab1086/+ and mef2cbfh288/+ also showed further unquantiﬁable behavior that would be
interesting to investigate in the future.
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A.1 Composition of solutions
A table of the solutions and buﬀers used throughout this study is presented. The recipe for
the Hank's Stock solutions are available on the Zebraﬁsh book [61].
Table A.1: Composition of the solutions and the buﬀers utilized.
Nome Composition Quantities
PBS NaCl 137 mM 16.01 g
KCl 2.7 mM 0.4 g
HNa2O4P.h2O 8.1 mM 2.88 g
KH2PO4 1.47 mM 0.4 g
H2Odd to 2 L
Adjust pH to 7.4 Autoclave
TAE buﬀer (1×) Tris base 40 mM 242 g
Glacial acetic acid
20 mM
57.1 mL
EDTA 0.5M pH 8.0
1 mM
100 mL
H2Odd to 1 L
Agarose (4%) Agarose 4 g
TAE 1× 100 mL
GreenSafe 1.8 µL
PFA (4%) PBS 1× 300 mL
PFA 20 g
NaCl 2 M about 20 pieces
PBS 1× to 500 mL
Adjust pH to 7.4
Phosphate buﬀer NaH2PO4 1 M 13.25 g
Na2HPO4.H2O 1 M 54.11 g
H2Odd to 2 L
Adjust pH to 7.2
Gelatin coating (2%) Gelatin powder 4 g
CrKO8S2.12H2O
1 mM
0.1 g
H2Odd 200 mL
Dissolve ate 75oC
Sucrose solution
(20%)
Sucrose 100 g
Phosphate buﬀer 500 mL
Embryo medium Hank's Stock 1 1 mL
Hank's Stock 2 0.1 mL
Hank's Stock 4 1 mL
H2Odd 95.9 mL
Hank's Stock 5 1 mL
Hank's Stock 6 1 mL
Add about 10 drops of
1 M NaOH to pH 7.2
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A.2 Locomotor tests
A.2.1 Raw data tables
The tables obtained after the tests on 1 dpf larvae with the raw data are here introduced.
Each table shows each genotype individually.
Table A.2: Raw results from 1 dpf WT larvae.
Table A.3: Raw results from 1 dpf mef2ca homozygous mutant larvae.
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Table A.4: Raw results from 1 dpf mef2ca heterozygous mutant larvae.
Table A.5: Raw results from 1 dpf mef2cb homozygous mutant larvae.
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Table A.6: Raw results from 1 dpf mef2cb heterozygous mutant larvae.
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A.2.2 R script
Below, an example os one of the R scripts developed during this work is given.
#! /usr/bin/env Rscript
# stats.R
#
# Calculates several statistical quantities from the time/position files
# generated by the tracker software for the 6dpf larvae. Plots graphs and
# performs Kruskal-Wallis test. Results are saved on a file for
# further processing
#
# Usage: Comment/uncomment parts of script according to what is to be calculated
#
# Sara Mariano 2017, sara.mariano99@gmail.com
# External library loading
library(dplyr) #
library(FSA) #
# Variable definition
out <- vector() # temporary vector
rad <- vector() # radial distance from (0,0)
dist <- vector() # distance = ground covered by the fish
vel <- vector() # vector holding instantaneous speed
acc <- vector() # vector holding instantaneous acceleration
# Variable initialization
names <- c("mef2ca_bb", "mef2ca_b+", "mef2cb_ff", "mef2cb_f+", "wt")
legen <- c(expression(paste(italic("mef2ca"^"b1086/b1086"))),
expression(paste(italic("mef2ca"^"b1086/+"))),
expression(paste(italic("mef2cb"^"fh288/fh288"))),
expression(paste(italic("mef2cb"^"fh288/+"))),
"WT")
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# Dynamically composes the data file names. Data files are named i_j_k.dat with
# i=1:5; j=1:3; k=1:10. Data file is read into a data.frame structure with
# columns separated by spaces with no heather.
# Matrix with the k values
kdat <- matrix(c( 9, 5, 9, 10, 10,
10, 8, 10, 10, 8,
10, 6, 10, 10, 8),
nrow = 5, ncol = 3, byrow = FALSE)
# Create the files name and load them
for (i in 1:5) {
out <- NULL
l <- 1
for (j in 1:3) {
for (k in 1:kdat[i,j]) {
file_name <- paste('data/',as.character(i),'_',as.character(j), '_',
as.character(k),'.dat',sep='')
#print(file_name) # print the data file name for control
file <- read.table (file_name, header=FALSE, skip=2) # skip 2 first lines
t <- file[,1]
x <- file[,2]
y <- file[,3]
innd <- 7.2 # diam. of the disk in the center of arena in mm
rad <- sqrt(x^2 + y^2) # radial distance
#out[l] <- mean(rad) # average radial distance
out[l] <- median(rad) # median radial distance
#out[l] <- (sum(rad > innd)/length(rad))*100 # percentage of time outside
# for all fish in one group
# Calculate the total distance covered by the fish in mm
#out[l] <- sum(sqrt(diff(x)^2 + diff(y)^2))
#----------------------------------------------
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Dt <- diff(t) # delta tn = t1-t0; t2-t1, etc
vel <- sqrt(diff(x)^2 + diff(y)^2)/Dt # speed Ds/Dt in mm/sec
Dt <- head(Dt,length(Dt)-1) # removes last element from t vector
acc <- diff(vel)/Dt # acceleration Dv/Dt in mm/s2
#---------------------------------------------
#out[l] <- mean(vel) # average speed in mm/s
#out[l] <- median(vel) # average speed in mm/s
#out[l] <- max(vel) # maximum velocity
#out[l] <- min(vel) # minimum velocity
#out[l] <- mean(acc) # average acceleration in mm/s2
#out[l] <- median(acc) # median acceleration in mm/s2
#out[l] <- max(acc) # maximum acceleration
#out[l] <- min(acc) # minimum acceleration
#------------------------------------------------
# Larva activity
#vmin <- 0.005 # velocity in mm/s below witch larva is at rest
#temp <- (vel > vmin)
#print(temp)
#out[l] <- mean(temp)*100 # % of time in movement
#
#mov <- rle(temp)$lengths[rle(temp)$values==1]
#out[l] <- mean(mov) # mean velocity during movement bouts
l = l + 1 # increment out vector index by 1
}
}
#print(out) # for control
# write results file in csv format
#write.table(t(out), file="mean_vel_bout.csv", row.names=names[i],
# col.names=FALSE, append=TRUE, sep="; ", dec=",", eol="\r\n")
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nam <- paste("group", i, sep = "") # assign next variable name to nam
assign(nam, out)
}#---- end of main cycle
# At this stage, data is organized in the following way:
# group1 - mef2ca_bb
# group2 - mef2ca_b+
# group3 - mef2cb_ff
# group4 - mef2cb_f+
# group5 - WT
# Plots the histogram of the frequency of distribution of the statistical
# quantity being calculated
bins <- seq(from=0, to=1200, by=200) # sets up bins for the histogram
hist(group5, breaks=bins, freq = FALSE, main=paste("Histogram of", names[i]),
xlab="Total distance (mm)",
#xlim=c(0,1200), ylim=c(0,0.0025),
)
text(1200, 0.0022, legen[i], pos=2, cex=2)
x11() # opens a new window
# Plots the boxplot of the statistical quantity calculated for all the 5 groups
boxplot(group5,group1,group2,group3,group4,
#ylim=c(45,100),
names = c(names[5],names[1:4]),
outline = FALSE,
main="Boxplot",
xlab="Groups",
ylab="Mean velocity during bouts (mm/s)"
)
# Prints a summary of the data
81
dati <- list(BB = group1, BP = group2, FF = group3, FP = group4, WT = group5)
datii <- data.frame(Group = rep(names(dati), lapply(dati, length)),
Value = unlist(dati))
print(Summarize(Value ~ Group, data = datii))
#-------------------------------------------------------------------------------
# Performs Kruskal-Wallis test and prints the result
# Null hypothesis H0 = "The n groups are from identical populations (same
# distribution)"
# Significance level below which H0 will be rejected: 0.05 or 0.01.
dati <- list(group1, group2, group3, group4, group5)
print("Kruskal-Wallis tests on the 5 groups")
print(kruskal.test(dati))
print("Kruskal-Wallis tests on BB vs WT")
print(kruskal.test(dati[c(1,5)])) # BB vs WT
print("Kruskal-Wallis tests on BP vs WT")
print(kruskal.test(dati[c(2,5)])) # BP vs WT
print("Kruskal-Wallis tests on FF vs WT")
print(kruskal.test(dati[c(3,5)])) # FF vs WT
print("Kruskal-Wallis tests on FP vs WT")
print(kruskal.test(dati[c(4,5)])) # FP vs WT
print("Kruskal-Wallis tests on BB vs BP")
print(kruskal.test(dati[c(1,2)])) # BB vs BP
print("Kruskal-Wallis tests on FF vs FP")
print(kruskal.test(dati[c(3,4)])) # FF vs FP
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A.3 Learning tests
A.3.1 Raw data tables
The data obtained from the "Visual Discrimination Memory" experiment were stored in
tables A.7 and A.8.
Table A.7: Raw results of "Visual Discrimination Memory" test. Left table regards stage 1 - pre-training.
Right table refers to stage 3 - extinction.
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Table A.8: Raw results of "Visual Discrimination Memory" test. Results are from stage 2 of the experiment
- discrimination.
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A.3.2 Clean data tables
Below it is shown a table compiling the means and medians of the tested ﬁsh in the "Learning
& Memory" experiment.
Table A.9: Descriptive table of mean and median of "Learning & Memory" test. Time to reach the
"paradise" tank was recorded and results were calculated for each group of ﬁsh with N=10 for WT,
N=5 mef2cab1086/+ (mef2ca−/+) and mef2cbfh288/+ (mef2cb−/+) ﬁsh, and for N=4 for mef2cbfh288/fh288
(mef2ca−/−) ﬁsh.
Regarding the "Visual Discrimination Memory" test, this table summarizes the results
of the median for each of the metrics calculated.
Table A.10: Median discrimination values. Median of time to enter the open arm of the T-maze, percentage
of ﬁsh that had made a correct choice and percentage of ﬁsh that did not made a decision to enter any of
the arms. Results were calculated for each group of ﬁsh with N=10 for WT, mef2cab1086/+ (mef2ca−/+) and
mef2cbfh288/+ (mef2cb−/+) ﬁsh, and for N=4 for mef2cbfh288/fh288 (mef2ca−/−) ﬁsh. Session 1 trough 4
were done in one day and session 5 through 8 were done in the next day.
A.4 Additional information
Live movies of WT larvae with 1 and 6 dpf showing the coiling behavior and the swimming
behavior, respectively, as well as a live movie of an adult ﬁsh under the Learning and Memory
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experiment are presented in digital form, in the accompanying CD. Videos are labeled 1 dpf,
6 dpf and adult, respectively.
86
